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ABSTRACT
Sintered Bentonite Ceramics for the Immobilization of Cesium- and
Strontium-bearing Radioactive Waste. (December 2009)
Luis Humberto Ortega, B.S., New Mexico State University;
M.S., Purdue University
Chair of Advisory Committee: Dr. Sean M. McDeavitt
The Advanced Fuel Cycle Initiative (AFCI) is a Department of Energy (DOE)
program, that has been investigating technologies to improve fuel cycle sustainability
and proliferation resistance. One of the program’s goals is to reduce the amount of
radioactive waste requiring repository disposal.
Cesium and strontium are two primary heat sources during the first 300 years
of spent nuclear fuel’s decay, specifically isotopes Cs-137 and Sr-90. Removal of
these isotopes from spent nuclear fuel will reduce the activity of the bulk spent
fuel, reducing the heat given off by the waste. Once the cesium and strontium are
separated from the bulk of the spent nuclear fuel, the isotopes must be immobilized.
This study is focused on a method to immobilize a cesium- and strontium-bearing
radioactive liquid waste stream. While there are various schemes to remove these
isotopes from spent fuel, this study has focused on a nitric acid based liquid waste.
The waste liquid was mixed with the bentonite, dried then sintered. To be effective
sintering temperatures from 1100 to 1200○C were required, and waste concentrations
must be at least 25 wt%. The product is a leach resistant ceramic solid with the
waste elements embedded within alumino-silicates and a silicon rich phase. The
cesium is primarily incorporated into pollucite and the strontium into a monoclinic
feldspar.
iv
The simulated waste was prepared from nitrate salts of stable ions. These ions
were limited to cesium, strontium, barium and rubidium. Barium and rubidium will
be co-extracted during separation due to similar chemical properties to cesium and
strontium. The waste liquid was added to the bentonite clay incrementally with
drying steps between each addition. The dry powder was pressed and then sintered
at various temperatures. The maximum loading tested is 32 wt. percent waste,
which refers to 13.9 wt. percent cesium, 12.2 wt. percent barium, 4.1 wt. percent
strontium, and 2.0 wt. percent rubidium. Lower loadings of waste were also tested.
The final solid product was a hard dense ceramic with a density that varied from
2.12 g/cm3 for a 19% waste loading with a 1200○C sintering temperature to 3.03
g/cm3 with a 29% waste loading and sintered at 1100○C.
Differential Scanning Calorimetry and Thermal Gravimetric Analysis (DSC-TGA)
of the loaded bentonite displayed mass loss steps which were consistent with water
losses in pure bentonite. Water losses were complete after dehydroxylation at ∼650○C.
No mass losses were evident beyond the dehydroxylation. The ceramic melts at tem-
peratures greater than 1300○C.
Light flash analysis found heat capacities of the ceramic to be comparable to
those of strontium and barium feldspars as well as pollucite. Thermal conductivity
improved with higher sintering temperatures, attributed to lower porosity. Poros-
ity was minimized in 1200○C sinterings. Ceramics with waste loadings less than 25
wt% displayed slump, the lowest waste loading, 15 wt% bloated at a 1200○C sinter-
ing. Waste loading above 25 wt% produced smooth uniform ceramics when sintered
>1100○C.
Sintered bentonite may provide a simple alternative to vitrification and other
engineered radioactive waste-forms.
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11. INTRODUCTION
The United States’ long term strategy for the fate of commercial spent nuclear fuel
is undetermined. Currently most spent fuel remains at the site where the power was
generated. A repository has been started in Nevada’s Yucca Mountain but legislative
issues have left the entire project in question. When this study was initiated the
problems associated opening Yucca Mountain were already evident. The prospect of
exhausting the space to store spent fuel, leading to a second repository motivated the
search for methods to limit waste volume. The DOE’s Advanced Fuel Cycle Initiative
was investigating methods to reuse isotopes with energy content, transmute long-
lived nuclides into isotopes with shorter half-lives, and find ways to reduce volume
as well [1]. the waste packing is limited by the heat generated by the radioactive
decay. If the total heat load can be reduced, space can be saved. The removal of
cesium and strontium could reduce repository size to <20% of current estimates [2].
The cesium and strontium will require immobilization once separated from the bulk
of the spent nuclear fuel.
Once removed the cesium and strontium require treatment. The focus of this work
investigates the immobilization of this potential waste stream with sintered clays. In
addition to the cesium and strontium, barium and rubidium are also in the waste
stream due to similar chemical properties. A simulated waste stream was prepared
by dissolving nitrate salts of each metal in a dilute nitric acid solution. Our simulated
waste solution was mixed with the natural mineral bentonite, a smectite clay. Ben-
tonite clay consists primarily of montmorillonite with small amounts of quartz. Mont-
morillonite has a layered aluminosilicate structure composed of alternating sheets of
alumina and silica. An alumina octahedral sheet resides between two silica tetra-
hedral sheets. Between these repeating silica-alumina-silica layers are metal cations
This dissertation follows the style of International Journal of Heat and Mass Trans-
fer.
2water, and within the silica and alumina there are hydroxyl groups (Figure 1.1).
A typical formula unit may be as follows: (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O
where the cation species and concentrations vary from source to source.
The clay was loaded with waste ions in concentrations ranging from approxi-
mately 16 mass percent to 32 mass percent total waste ions. The theoretical max-
imum was based on the mineral pollucite (Cs,Na)2Al2Si4O12(H2O). Pollucite is an
aluminosilicate with the same alumina-to-silica ratio as montmorillonite, and cesium
constitutes ∼30 mass percent or ∼32 mass percent when sodium is replaced by ce-
sium. In this document clay loadings are occasionally referred to as a percentage of
the theoretical maximum, where 100% refers to a target of 30 mass percent waste
ions. The liquid simulated waste was added to the clay to the desired concentra-
tion, then the liquid waste-clay slurry was dried to a powder. The powder was then
pressed into a pellet and sintered. Sintering temperatures were varied from 700 to
1400 ○C, while the waste concentrations varied from approximately 50% to 100% of
the theoretical maximum.
Fig. 1.1. Montmorillonite clay structure.
31.1 Objective
The potential waste stream from the FPEX process is a highly radioactive acidic
liquid. How to stabilize this liquid is a problem that can be solved in various ways.
The considerations required to make an efficient and economical solution are several.
The primary criteria is the immobilization of the ions. These metals must be bound
tightly in the final matrix due to their radiotoxicity as well as their chemical hazards;
i.e. water soluble barium compounds are poisonous. The resulting matrix may be
exposed to moisture which may be acidic or alkaline. The radioactivity creates
multiple problems. The heat given off during the decay process, if great enough, can
melt the material if the geometry and loading are not carefully thought out. The
radiation can damage the structure as well, which can impact the properties of the
waste form. The isotopes themselves change chemically as they undergo decay. Other
considerations are economic, logistic, as well as processing safety. High temperatures
require energy that comes at cost, similarly with processes requiring high pressures.
Processes with intermediate steps, especially those involving powders create safety
issues. The simpler the process the more economical. Each step with a highly
radioactive material requires automation; fewer steps reduce cost considerably.
An ideal waste form will be mechanically and chemically stable, will withstand
radiation damage, be dense and sufficiently thermally conductive. Processing should
have minimal steps, and if there are powders involved they should be continuously
consolidated to avoid a large holdup of an easily dispersible hazardous substance.
Although daunting, these issues are manageable.
Due to the nature of this waste solution, containing only the alkali metals and
alkaline earth metals, the reactants can be chosen to target a specific outcome. Using
natural aluminosilicate minerals as examples of stable compounds, we chose these
forms as prospective hosts for the waste ions. Bentonite clay primarily consists of
silica and alumina, and for this reason bentonite clay was chosen as a reactant. The
silica and alumina become the building blocks for the objective minerals.
4Alumino-silicates have been produced from clay before. Sorrell found strontium,
barium and lead sulfates could be heated with kaolin clays to produce feldspars [3].
Spitsyn looked at roasting bentonite specifically for the immobilization of stron-
tium [4]. Investigations by Strachan and Shultz done on pollucite, a cesium bearing
alumino-silicate, for radioactive waste storage found good leach rates, low solubility
and thermal stability. They conceded uncertainties in pollucite’s radiation stability
and transmutation effects [5]. They proposed the use of pollucite for cesium-137 im-
mobilization derived from CsCl, or CsCO3 reacted with montmorillonite at 970 K [6].
Vance used high pressures and temperatures to convert a sol to pollucite for use as
a Cs-137 immobilization matrix also [7]. Cs-137 doped pollucite was synthesized
from a colloidal silica solution with stoichiometric amounts of cesium and aluminum
nitrates, which were stirred and dried, then calcined at 793–813 K, followed by grind-
ing, and compaction at 250 Pa, and finally sintering. The pollucite was observed for
β− radiation effects on the long-range and local structure [8]. The study was not able
to observe the γ effects due to small sample size but found swelling and distortion
of the lattice. Cs-137 is transformed by β− decay into Ba-137:
Cs+
β−
Ð→ Ba2+
The resulting Ba-137m is meta-stable and will quickly transform(T1/2= 2.6 min) to
a stable configuration by giving off a 662 keV gamma-ray. Cs-137, Cs-135, and Cs-
133 will not be separated during reprocessing due to their near identical chemical
behavior. Cs-135 gives off a 0.21 MeV β− which decays to Ba-135 with T1/2= 2.3 ×
106 years, and Cs-133 is stable.
Sr-90 is a pure beta emitter, with a half life of 28.8 years. Sr-90 decays with a
0.546 MeV β− yielding an Y-90 atom, which also β− decays with a half life of 64
hours, giving off a 2.28 MeV β− leaving a stable Zr-90 atom. Thus:
Sr+2
β−
Ð→ Y +3
β−
Ð→ Zr+4
5The goal of the present study is to produce mineral compounds embedded with
ions of cesium, strontium, barium and rubidium. Concentration of the total waste
will be varied, but the ratios of individual ions will be kept the same. Sintering
temperatures will be varied from 700 to 1400 ○C. These products will be characterized
and a preliminary assessment of their properties will then be made. This baseline
study can lead to further research into their potential as radioactive waste forms.
62. BACKGROUND AND MOTIVATION
The fate of used nuclear fuel in the United States is uncertain due to the current
status of the proposed geological repository at Yucca Mountain Nevada [9]. At the
time this thesis was written, the Yucca Mountain project has been effectivly stalled
with expectation that project will be cancelled soon. There have been many proposed
methods to sequester used nuclear fuel. Deep geologic burial in basalt, salt, and tuff
have all been extensively investigated. Due to the difficulty in approval of a geologic
site, dry storage in casks with or without a retrievable option are currently being
investigated as well. An option that has potential to recycle isotopes with energy
content as well as reduce the amount high level radioactive waste is reprocessing.
The Department of Energy (DOE) has been funding the Advanced Fuel Cycle
Initiative, and various researchers are currently investigating methods to treat spent
nuclear fuel in a sustainable manner [1]. The policy in the USA had been to take en-
tire fuel bundles after sufficient cooling and ship them to Yucca Mountain in Nevada
for deep geologic burial. The repository is not yet open, and the future of the project
is uncertain. If the United States continues to produce nuclear power and it builds
new nuclear power plants, a fuel cycle with separation, transmutation and recycle is
an alternative worthy of analysis. An advanced fuel cycle will reduce waste volume
and transmute long lived isotopes to ones with shorter half lives, as well as provide
burnable fuel for future power generation.
2.1 Advanced Fuel Cycle Initiative
Chemical separations are the foundation of reprocessing, and the extent and exact
methods to be used to accomplish these separations are currently under investigation.
To begin, the ultimate fate of each isotope or group of isotopes with similar properties
must be determined.
7Nuclear fuel at 33,000 MWD/MT and 10 years of cooling contains ∼95.6 mass%
depleted uranium. The next largest fraction consists of stable isotopes and the
short-lived fission products at ∼3.3 mass%. Once these are separated they are not a
radiation hazard but may still be chemically toxic. The next fraction includes pluto-
nium and the long-lived fission products at ∼0.95 mass%. These can be incorporated
into new mixed oxide fuel or transmuted to isotopes with shorter half-lives. Minor
actinides and other long-lived fission products ∼0.15 mass% can also be transmuted.
Each of these portions of spent fuel can be treated separately. The end result is
less volume for high-level waste disposal, shorter half-lives after transmutation, and
recycled energy producing fuel [10]. Of the long-lived isotopes, some will not be
suitable for transmutation due to half-lives that are not long enough to justify the
process. Two primary examples are 137Cs and 90Sr at approximately 30 years [2].
The radioactivity of the high level waste is of primary concern during repository
design. The activity of the waste will determine the heat generation and resulting
temperature. Water exists as moisture in the soil. In a cold repository design temper-
ature limits are set to keep water flowing through the repository, preventing a hold
up of water above the repository from flooding the repository as it cools [11]. Lower-
ing the overall activity will allow more waste into the repository without exceeding
these temperature limits.
To maintain low temperatures inside the repository, active cooling with fans has
been proposed [11]. Eventually the fans will be turned off after the decay heat
decreases to a level where the active cooling is no longer necessary. The removal of
cesium and strontium will make a substantial reduction in the activity during the
initial years of operation.
The AFCI aqueous reprocessing methods being developed for the UREX+ family
of separation processes separate used nuclear fuel into different waste streams [12].
These streams are then treated according to the nature of the particular isotopes they
contain. A general overview of the AFCI is shown in Figure 2.1. The three primary
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steps, Uranium Extraction (UREX), Chlorinated Cobalt Dicarbollide/Polyethylene
glycol (CCD-PEG) or FPEX, and Transuranic Extraction (TRUEX) are briefly out-
lined below.
In the UREX process, high purity uranium and technetium are recovered in
three steps. In the first step uranium and technetium are extracted with a 30 vol%
tributyl phosphate in n-dodecane solvent. In the next step technetium is extracted
from the loaded solvent. The third step strips the uranium from the technectium
strip solvent [13]. The remaining transuranics and fission products then go on to
either the CCD-PEG or FPEX processes.
2.2 Cesium and Strontium Separation
The FPEX (Fission Product Extraction) process has been developed specifically
for the removal of cesium and strontium from the UREX process. There are several
9cesium and strontium fission products in spent fuel (Table 2.1) which will also be
extractd with the Cs137 and the Sr90, along with barium and rubidium. The solvent
proposed to remove strontium is 4’,4’,(5’)-di-(t-butyldicyclo-hexano)-18-crown-6, and
to remove cesium calix[4]arene-bis-(tert-octylbenzo-crown-6) is proposed. Once the
elements are in the solvent the solvent will be washed with dilute nitric acid. The
dilute nitric acid with dissolved cesium and strontium will require subsequent treat-
ment [14]. Another method to remove cesium and strontium from the UREX raffi-
nate, is called the CCD/PEG (chlorinated cobalt dicarbollide/polyethylene glycol)
process, where the CCD is employed for the removal of cesium, and PEG for stron-
tium [15]. For further separation techniques involving cesium and strontium see [16].
Once the elements are in the solvent, the solution will be washed with guanidine car-
bonate/ diethylenetriamine pentaacetic acid (DTPA). This process creates a highly
radioactive liquid waste. Transportation requirements and repository facility restric-
tions will only accept solid forms. Therefore at the minimum the solvents must be
dried. Once dried the result may be a powder or reactive metals, both requiring
additional treatment or specialized containers for transport.
An ideal waste form for these waste streams will be durable as well as chemically
inert while resistant to radiation effects. Transmutation during radioactive decay
transforms cesium with a +1 oxidation state to barium at +2. Strontium decays from
an oxidation state of +2 to zirconium at +4. These chemical changes will alter the
waste composition by changing the bonding symmetry due to different ionic radii,
and ionic charge.
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Table 2.1
Cesium and strontium fission products [17]
In discharge fuel 106 Ci/yr
Radionuclide T1/2 150-day decay 10-yr decay
134Cs 2.046 yr 5.83 0.228
135Cs 3.0 × 106 yr 7.79 × 10−6 7.79 × 10−6
136Cs 13.7 days 5.42 × 10−4 0
137Cs 30.0 yr 2.92 2.33
89Sr 52.7 days 2.65 0
90Sr 27.7 yr 2.09 1.65
Uranium-fueled 1000-MWe PWR, 3-year fuel life.
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3. RADIOACTIVE WASTE MANAGEMENT
The following is review of nuclear waste technologies in use and under develop-
ment. Sintered bentonite will produce a alumino-silicate ceramic, therefore alumino-
silicate waste forms will be covered first, and in more detail.
3.1 Alumino-Silicates
Bentonite has been proposed as a waste immobilization matrix as early as 1953
[18]; Hatch cited several of bentonite’s benefits, such as cation exchange capacity (∼1
meq per gram of clay), and a structure that, when sintered to 1000 ○C, becomes inert
and no longer able to exchange cations. Other characteristics are the stability of the
material, its abundance, its ability to be formed into any desired shape and withstand
high temperatures. Barney reported the use of several clays for radioactive waste
immobilization by hydrothermal reactions at mild temperatures (up to 100 ○C) [19].
Surrounding waste canisters with bentonite to retard the migration of radionuclides
in the groundwater was proposed more recently [20, 21]. A novel use for bentonite
was proposed by Papachristodoulou et al in the decontamination of ruminants [22].
While effective as a generic radioactive waste immobilization matrix, bentonite
appears ideally suited for wastes containing alkali and alkaline earth metals when
combined with sintering. The bentonite contains the necessary molecular building
blocks for pollucite, as well as strontium feldspar. Rubidium and barium both have
very similar chemistry to their chemical group counterparts, cesium and strontium
respectively and so will have similar reaction products forming rubidium substituted
pollucite and barium feldspars.
Natural pollucite and these feldspars survive over geologic time scales, as stron-
tium feldspars are used as geologic chronometers [23]. For this reason synthetic
analogs of these aluminosilicate minerals have been studied extensively for radioac-
tive waste treatment. A few methods to produce pollucite include hydrothermal
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synthesis [24], using an arc melter [25], high temperature treament of high alumina
containing cement mixed with silica fume [26], heating of electrorefiner salt with
glass frit to produce a high cesium content glass bonded ceramic [27], and from sin-
tering expanded natural perlite [28]. Konovalov and others used high temperature
synthesis, where a highly exothermic metal-to-oxide transformation fuels the mineral
synthesis. These reactions are Fe2O3 + Al to incorporate cesium into pollucite, and
Ti + MoO3 for strontium into sphene (CaTiSiO5) [29]. Pereira synthesized pollucite
from CsCl and chabazite by melting at 700○C for waste chloride immobilization [30].
Vasil’eva et al were able to produce both pollucite and strontium feldspar prod-
ucts via solid state crystallization at 700-900 ○C of coal fly ash cenospheres [31], as
well as Mimura and Akiba by calcination of Cs-mordenite Sr-zeolite [32], Bogdanova
and others achieved the similar products with zeolite containing rocks [33]. Zimmer
and others treated a complex waste simulant with numerous chemical species with a
sol-gel technique where pollucite, as well as barium and strontium feldspars were in
the final matrix [34]. Each of these has similarities to this study, the use of alumino
silicates to immobilize cesium and strontium, but none incorporated a FPEX waste
solution, neither did they use bentonite specifically. This study simulated an acidic
waste solution with barium and rubidium as well as the cesium and strontium. Only
one of the previous studies had these species incorporated in their waste, but all
were in low levels in conjunction with several other elements [34]. The addition of
the wastes to the immobilizing matrix in these aforementioned studies is of greatest
difference to our study, most employed contacting the solutions with the absorbing
zeolite, whereas the solutions examined here were dried off the waste solution with
heat. The reason this was done, was to mimic a process close to an engineering
solution. Heating the clay waste solution in this way, the effect of a highly con-
centrated acid has on the bentonite during processing can be observed, as well as
an opportunity to document any gross volitization of cesium that may be occurring
during the boiling off of the water. When contacting the absorber with the waste
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solution the loading is limited to the cation exchange capacity of the particular zeo-
lite, cenosphere etc. The greatest benefit to drying the solution onto the bentonite,
is that the loading concentration is not limited by the cation exchange capacity. Our
limit will have to be determined by experiment to determine at what concentration
leachability becomes unacceptably high.
The work mentioned above and throughout this document, which has focused
on pollucite for Cs-137 immobilization has been motivated by the low leachability
of pollucite. Pollucite has been shown to have leach rates from 3 × 10−4 to 2.2
× 10−6 g/m2 ⋅ d [35]. Anchell found the low leach rates were due to self diffusion
rates to be ∼0 [36]. Anchell noted findings by Barrer and Rees which showed that
when pollucite (Cs-analcite) is finely crushed and dispersed in a NaCl solution the
cation exchange rate is 1.74 × 10−17 cm2/sec (at 25○C self diffusion of Na+ in glass
is 10−17 cm2/sec) [37]. Although low, he recommended minimizing the surface area
of these waste forms to counter this issue. Hess found β− damage to stoichiometric
137Cs doped pollucite structure slightly increased the volume from 0.5 - 1 % [8].
A study performed by Argonne and Pacific Northwest National Labs interrogated
137Cs pollucite sources for transmutation effects on the pollucite structure [38]. They
found minimal damage even in a sample that had decayed 20 years, corresponding
to a decay of 16% of the 137Cs transmuting to 137Ba. However the initial 137Cs mass
fraction was 0.0375 which is relatively low.
The thermodynamic properties of pollucite and the feldspars of strontium and
barium will aid understanding reaction rates, such as the minerals with lower heats of
formation may form quickly. Heat capacities are necessary for thermal conductivity
determination of the final waste form. The known heat capacities of the minerals
will be compared the sintered bentonite heat capacity. Thermodynamic properties
of pollucite and the feldspars of Sr and Ba were calculated by two methods. Natu-
ral pollucite data was calculated by Ogorodova and others [39], the feldspars were
synthesized by Chernyshova and his colleagues [40]. The heat capacities cited here
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were plotted on a mass basis along with our results for comparison (Figures 5.9,
5.10, 5.11) Heats of formation and Gibb’s free energies are listed in Table 3.1. Heat
capacity for the natural pollucite:
Cs0.84Na0.11Al0.88Si2.10O6⋅0.17H2O
C○p,m = 131.37 + 181.97 × 10
−3T − 11.84 × 105T −2JK−1mol−1(±0.36%) (3.1)
at 298.15610K [39].
Heat capacity for the sythetic Sr and Ba feldspars:
SrAl2Si2O8
Cp = 269.59 + 5.784 × 10
−2T − 5.833 × 106T −2JK−1mol−1 (3.2)
at 250-1000K [40].
BaAl2Si2O8
Cp = 261.05 + 6.640 × 10
−2T − 5.2568 × 106T −2JK−1mol−1 (3.3)
at 250-1000K [40].
Table 3.1
Thermodynamic properties of natural pollucite, and synthetic Sr-
feldspar, and Ba-feldspar at T = 298.15 K
Mineral -∆fH
○
m (kJ mol
−1) -∆fG
○
m (kJ mol
−1) Reference
Pollucite I♣ 3104 ± 13 2921 [39]
Pollucite II♡ 3090 ± 14 2911 [39]
Sr-Feldspar
(SrAl2Si2O8)
4248 4023.75 [40]
Ba-Feldspar
(BaAl2Si2O8)
4244.30 4021.87 [40]
♣Cs0.77Na0.14Rb0.04Al0.91Si2.08O6⋅0.34H2O (molar mass = 294.15 × 10
−3 kg mol−1)
♡Cs0.84Na0.11Al0.88Si2.10O6⋅0.17H2O (molar mass = 295.88 × 10
−3 kg mol−1)
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These minerals display low Coefficients of Thermal Expansion (CTE). Yanse re-
ported the thermal expansion coefficient for pollucite 1.3 × 10−6/○C (23-1000 ○C) [41].
Barbeeri reported the CTE for Ba-feldspar to be 2.29 × 10−6/○C from 20-1000○C
(CTE for borosilicate glass 0.75 × 10−4 300-500○C [42]) , and melting points of 1760
and 1650○C for Ba-feldspar and Sr-feldspar, respectively. Beall found that the barium
and strontium feldspars are thermally stable above 1400○C with a melting point just
below 1700○C. He also determined that these feldspars could have their coefficients
of thermal expansion adjusted by 30-50 × 10−7/○C with the addition of accessory
phases: for example The CTE could be lowered by the addition silica glass [43].
Adding glass requires heating to the liquidous temperature, which for borosilicate
glass is 1050○C [44].
3.2 Other Waste Forms
Spent fuel and radioactive waste must be isolated from the environment. In
the following sections a brief review of engineered barriers that will be employed
in conjunction with sequestration. Sequestration may be in an above ground cask
or tomb, as well as natural barriers such as deep sea burial, or in an underground
repository. An underground repository’s geology may consist of salt beds or salt
domes, volcanic tuff, basalt, or granite. Yucca Mountain is an example of volcanic
tuff, while the Waste Isolation Pilot Plant (WIPP) is a salt bed repository (WIPP
accepted its first waste shipment in 1999 and continues to operate [45]).
The spent fuel from a nuclear reactor is primarily UO2 which is inherently unsta-
ble in aqueous systems [46]. Inside a nuclear reactor the pelletized uranium oxide is
encased in a zirconium cladding which keeps water from reacting with the fuel. Dur-
ing fission the fuel swells and gases are generated which add strain and stress to the
fuel and cladding [47]. These stresses lead to break up of the UO2 pellet, and with
time increase the likelihood of a cladding breach [48]. This is usually manageable
in the 24 months residence in a reactor [45], but for long term stability secondary
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measures must be employed to assure immobilization of the spent fuel. The current
Yucca Mountain proposal has engineered special canisters for the long term con-
tainment of the spent fuel. These multiple barrier containers will contain entire fuel
bundles for thousands of years. The purpose of these waste canisters include physical
containment for shipping and handling, radiation shielding, and to isolate the waste
from the natural barriers [49].
3.2.1 Vitrification
Radioactive waste immobilization via vitrification has an extensive history and
worldwide usage [50] and testing [51]. During vitrification glass frit is mixed with
the waste to be treated and heated until it becomes a liquid. The liquid glass is
transferred to a container, where it forms the final shape and cools. Various types of
nuclear waste have been vitrified, one example is high level tank waste from Hanford.
Hanford waste was vitrified at 1150○C for 2.5 h to produce a borosilicate glass. Once
the waste glass has been manufactured it is transferred to a repository. High level
radioactive waste glass shipments have been accepted at the WIPP for long term
isolation [52,53].
The high temperatures required for vitrification may volatilize low melting point
waste constituents, such as cesium and technetium. The volatility of cesium, and
the various mitigation methods in vitrification systems have been investigated by
Kamizono [54]. One technique employed to aid retaining the volatiles is to cover the
melt surface with a cold cap [55]. A slurry is fed to the top of the melter forming a
crust on the surface of the melt pool, this crust or cold cap reduces the amount of
volatiles that escape the melt [56]. Other methods to reduce or eliminate volatility
include absorbing the waste in a media, such as a zeolite [57], ion exchange resin [58],
or crystalline silicotitanate [59], and then vitrify the resulting compound. These
treatments report reductions in the volitization of cesium during the vitrification
process.
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3.2.2 Grout, Concrete and Geopolymers
The use of grout and concrete are usually limited to low level waste and inter-
mediate level waste. They are favored for their low cost and simple application [60].
A drawback when applied to the immobilization of cesium-containing waste is the
tendency for the cesium to stay in the aqueous region within the cementitious me-
dia [61]. To incorporate the cesium into the mineral phase, methods similar to what
has been done to improve vitrification are applied. The use of zeolites or resins to
first absorb the cesium before mixing with the concrete or grout improved leacha-
bility characteristics [62]. Geopolymers are primarily amorphous solids produced by
mixing alumino-silicates with concentrated alkali solutions. Their application to the
immobilization of radioactive waste has been tested by Perera and others [63, 64].
By mixing fly ash or metakaolinite with alkali solutions and polymerizing at 90 ○C
they found 1 wt% cesium and strontium could be effectively immobilized.
3.2.3 Zeolites and Ion Exchange Materials
Zeolites and ion exchange materials can be used to remove the radionuclides
from a solution and trap them in the exchange medium. The sorption of radioactive
liquid wastes has been studied with the zeolite clinoptilolite to remove Cs and Sr
isotopes [65]. Researchers recommend concentrations below 3 × 10−9 mg/L and pH
should be kept ∼ 8. Kaolinite powders have also been investigated to reduce Cs
and Sr emissions from high temperature processes [66]. This work displayed possible
improvements to incineration and vitrification processes due to the kaolinite powder’s
ability to scavenge these metals from a vertical combustor.
In 1997 Pacific Northwest National Laboratory under the Department of Energy
was contracted to investigate radionuclide uptake of a number of different engineered
inorganic ion exchange materials from 105-KE Basin water. The study concluded
that KCoHex (potassium cobalt hexacyanoferrate) and SZ-72 (modified zirconate)
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removed over 99% of the 137Cs. In the same study they found 90Sr was most effectively
removed with pharmacosiderite and sodium nonatitanate with an ability to absorb
greater than 99% of the strontium from the basin water [67]. The stability against
leaching of these ion exchange materials, or absorbers, can be improved with the
addition of a sintering step [68]. Similar improvements can be made by mixing the
material with another binding agent, i.e. cement [61]. Mimura and Akiba were able
to produce cesium and strontium loaded ceramic solids from zeolites. To have a
consistent particle size in their feed, they first pulverized and sieved mordenite and
Zeolite A. The mordenite was saturated with cesium, and the zeolite A was saturated
with strontium as well as both cesium and strontium. The ions were dissolved in 1
M nitrate solutions. These were filtered and dried at 250 ○C then cold isostaticly
pressed at 78 MPa followed by calcination at 1200 ○C. The final products consisted
of pollucite (CsAlSi2O6) and strontium feldspar (SrAl2Si2O8) [32].
3.2.4 SYNROC
SYNROC or synthetic rock is a durable robust method to treat waste steams. The
method was developed at the Australian National University, and first described in
1978 [69]. As the name implies, SYNROC is a synthetic rock, composed of titanium
mineral assemblages to mimic natural rocks. The minerals are tailored to the type
of waste being treated, such as perovskite for strontium, and hollandite for cesium
immmobilization. The mineral oxide precursors are intimately mixed then slurried
with the waste calcined, then hot pressed into the final waste form. These waste
forms are resistant to leaching even at elevated temperatures and can hold virtually
all types of high level waste. SYNROC is considered second to vitrification, but has
displayed superior mechanical behavior, was found to be more stable thermally, and
can support higher loadings of certain types of waste as opposed to vitrification [70].
The immobilization of cesium in hollandite melts was investigated by Carter and
others [71]. They prepared samples via an alkoxide route, where molar quantities of
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the required alkoxides are dissolved in water with the necessary nitrates. The solution
was then dried and calcined in air at 750 ○C for two hours. These were melted in
Pt crucibles in air at 1450-1550 ○C. They found ∼7.5 wt % Cs2O could be prepared
with Cr3+, Ni2+, Zn2+ or Co2+ resulting in hollandite ceramics with PCT-B normalized
Cs leachate concentrations <0.2 g/L. The PCT-B leach procedure requires sample
powders to be within 75-150µm, which are then ultrasonically washed prior to testing.
The leach test requires holding 1 g of powder in 10 ml of de-ionized water for 7 days
at 90○C, the resulting leachate solution is analyzed for suspended ion concentrations.
Their work continued with a hot isostatic pressing (HIP) route which reduced the
processing temperatures. Instead of melting in air, the powders were heated to 1275
○C at 30 MPa for an hour. These experiments also incorporated strontium with
cesium resulting in a 12 wt % loadings. A SYNROC rich in the mineral rutile was
also tested for the immobilization of Tc [72].
A report by Tripp and Maio [73] concluded Synroc would be an effective cesium
and strontium immobilization method, but would not rule out steam reforming as
an alternative. The drawbacks of the SYNROC process are complex preprocessing,
the stoichiometry must be tailored to produce the desired final minerals, and the
sintering is done at high temperatures and pressures.
3.2.5 Steam Reforming
Steam reforming is a waste treatment method where a liquid waste is injected
into a fluidized bed along with the necessary co-reactants at an elevated temperature.
[Steam is added or is part of the feed stream.] Typical co-reactants are different types
of clay which provide silica and alumina, and carbon sources to facilitate organic
and/or nitrate destruction. The products are solid alumino-silicates [74].
Steam reforming of various types of radioactive waste, including tank wastes
[75, 76], radioactive graphite [77], and low level mixed wastes [78], have been tested
among others. Radioactive waste treatment with steam reforming has been applied
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to cesium and strontium bearing separation product solutions as well. Tripp et al
found strip solutions from several cesium and strontium separation methods could
be converted to solids forms, without volatization of cesium while destroying the
organics and nitrates in the process. The final product was a leach resistant alumi-
nosilicate. The product does have a water soluble fraction of cesium and strontium,
the quantity depends on which process feed was used. The peak concentrations of
unmineralized product, or water soluble solids were 22% for cesium and 10% for
strontium. Another issue of concern is the production <µm particles [79].
3.2.6 Calcination
Calcination refers to the treatment of liquid radioactive wastes by heating to
oxide. This method has been applied to various liquid wastes in different ways.
A few examples are fluidized-bed calcination, pot calcination, radiant heat-spray
calcination, rotary ball-kiln calcination, and calcination in molten sulfur [45]. These
are effective techniques to remove liquids and reduce volume. The waste produced
by these processes is usually a powder or granular form. Once dry, the waste must
be containerized in a method adequate to avoid dispersal into the environment. A
container may also be needed to keep water from dissolving or moving the waste if
no fixation is applied.
A method to immobilize calcine from low level sodium- aluminum- and zirconium-
bearing waste, involved mixing the calcine with Portland cement, blast furnace slag,
and fly ash, researchers found the product reduced volume and met leach require-
ments [80]. Another method found to improve leachability and performance is the
addition of metakaolin and a NaOH solution to the calcine followed by mild curing,
which produced a durable solid [81]. This waste form is known as hydroceramic.
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4. EXPERIMENTAL METHOD AND ANALYSES
Simulated waste was prepared from stable isotopes of cesium, strontium, barium
and rubidium. Nitrates of each metal were dissolved in dilute nitric acid. Then this
solution was added to bentonite clay. Bentonite clay was used as received (American
Colloid Company of Belle Fourche, SD provided Volclay HPM-20, 425 mesh) The
composition reported by American Colloid was SiO2 = 69.56%, Al2O3 = 20.69%,
MgO = 2.70%, Fe2O3 = 4.85%, CaO = 1.30%, Na2O = 2.43%, K2O = 0.30%. The
loss-on-ignition was 4.80%. The specific gravity was 2.6 and the pH of a 2% solid
suspension was 8.5-10.5 [82]. Laboratory-supplied deionized water was used for all
experiments, except for TCLP where purchased deionized water was used instead.
4.1 Sample Preparation
The first step was to create a simulated waste liquid. The waste liquid was then
added to the bentonite clay. The bentonite clay and waste solution were dried to a
powder, the powder was then pressed into pellets to be sintered. Pellets were sintered
at various temperatures and waste concentrations.
4.1.1 Simulated Waste
The FPEX process stream will produce a strip solution of dilute nitric acid con-
taining cesium, strontium, barium and rubidium ions. Cesium and strontium are the
primary targets of immobilization, while the rubidium and barium are co-extracted
due to their similar chemistry. The quantities of waste ions in the proposed waste
stream are relatively dilute. Ion ratios of Cs:Rb of 3340:537 and Sr:Ba of 1180:3100
were used in the simulated waste. The ion quantities were 2:1 Cs to Sr by mass in
the solution. These were provided by ORIGEN simulations of the UREX process
raffinate developed by Argonne National Laboratory (personal communication with
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Table 4.1
Simulated waste solution composition
Component Qty MW moles/L
HNO3 70% 103.97 ml 63.01 1.64
Ba(NO3)2 14.183 g 261.34 0.054
CsNO3 11.90 g 194.91 0.061
RbNO3 2.27 g 147.47 0.014
Sr(NO3)2 6.88 g 211.63 0.033
Candido Pereira, 2005). Nitrates of the required ions were chosen for the waste
simulant. The nitrates were dissolved into a dilute nitric acid solution. The ion
concentrations of these metal ions were increased to the point of saturation in order
reduce the volume of liquid required to process (Table 4.1). To completely dissolve
the nitrates the salts were stirred with a magnetic bar for ∼24.
4.1.2 Bentonite Waste Loading
The concentrated waste solution was added to the clay then stirred, the water
was driven off by placing the beacker in an oil bath at approximately 110○C. The
process was repeated until the desired concentration metal ions was reached. The
clay was mixed as the waste solution heated to dryness to prevent hot spots and to
homogenize the powder.
The clay waste concentrations were based on the mineral pollucite. Pollucite is a
natural source of cesium, which contains silicon and aluminum oxides. This mineral
has had extensive study as cesium immobilization compound [5–7,35]. In addition to
cesium, natural pollucite also contains sodium; if we assume sodium can be replaced
by cesium the potential cesium content is approximately 42 mass %. 30 % was
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chosen as a theoretical maximum loading for the clay based on the amount of alumina
available to produce pollucite and feldspars from the cesium, rubidium, barium, and
strontium. Various percentages of the pollucite based theoretical maximum were
chosen as loadings for comparison.
After reaching the desired waste content, the dried clay powder was ground by
mortar and pestle. A small amount of loaded unsintered clay was allotted for differ-
ential scanning calorimetry and thermal gravometric analysis, as well as a reserve.
The powder was then axially pressed to 2000 lbs in a 5/8" die (∼6500 psi) to create
a green puck. The pucks were then sintered.
4.1.3 Sintering
The sintering temperatures were varied from 700○C to 1400○C. The ramp rates
were held constant at 5○ per minute for all sinterings. Once reaching the desired
temperature, samples were soaked for 12 hours. Cooling was initially controlled to
5○C per minute but eventually the cooling rate decreased to a much slower natural
rate.
4.2 Analyses
After samples were prepared a series of analyses were performed to characterize
the material properties.
4.2.1 Bulk Properties
Masses and dimensions of the pucks before and after sintering were collected for
comparison. The true volume was calculated with a Quantachrome helium pycnome-
ter. A sample was placed in a known volume and pressurized, a working gas enters
the empty space including the open porosity, in this case helium up to ∼0.117 MPa.
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Next a valve is opened allowing the gas to be shared with another known volume.
With the initial pressure and the final pressure the sample volume can be calculated
using an expression of Boyle’s law (4.1)
Vp = Vc − Vr × ((P1/P2) − 1) (4.1)
where Vp is the sample volume, Vc is the sample cell volume, Vr is the reference cell
volume, P1 is the pressure in the sample cell and sample, and P2 is the pressure after
opening the connecting valve between the sample cell and the reference cell. With
the volume of the sample, and its meaured mass the true density can be determined.
By comparing the true density to the bulk density, the porosity is calculated(4.2).
Porosity % = (1 − (bulk density/true density) × 100 (4.2)
Bulk density was calculated by measuring the sample dimensions. The color and
changes in shape, such as slump and cracking were also noted.
4.2.2 Differential Scanning Calorimetry and Thermal Gravimetric Analysis
Unsintered bentonite clay samples were subjected to a controlled heating rate in
a Netzsch STA 409 PC Luxx simultaneous thermal analysis instrument, with Proteus
Software. The instrument performs a thermal gravimetric analysis (TGA), as well
as differential scanning calorimetry (DSC) on each sample in tandem over a specified
heating profile. The sample is loaded into an alumina crucible of know mass, which
then is set on a sensitive balance. The balance resolution is 2µg, while the error in
mass changes in our process is ∼40µg. Along with the sample an empty, but identical
alumina crucible of known mass was loaded as a reference. Heat flux is measured
with a pair of thermocouples attached to bottom of each of the crucible mounting
points. The reference signal is subtracted from the sample to obtain endothermic
and exothermic rates and transitions.
The heating rate was 5○ per minute from room temperature to 1400○C. Argon
flowed at 50 ml/min to act as a cover gas. Before analysing the samples, the heating
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program was run with empty crucibles to create a baseline signal. The baseline
signal contained the weight and thermal behaviour due to the crucible as well as
any buoyancy effects resulting from the flow of the cover gas. The baseline was
then subtracted from the data acquired from the samples. This step corrects for
instrument trends, leaving only data due to the samples. Each sample was 20–50
mg.
4.2.3 Light Flash Analysis
Thermal diffusivity and specific heat were measured with a Netzsch Light Flash
Analyzer (LFA) 447 NanoFlash instrument. Disc samples were first cut and ground
to 2 mm ±0.06 mm thick and 12.7 ±0.14 mm in diameter for 800–1000○C; 700○C
specimens were prepared identically except they were 15.4 mm square. The instru-
ment used a short light pulse from a xenon lamp to heat the the bottom side of the
sample. An infra-red sensor measured the temperature change on the opposing side
as a function of time. Thermal diffusivity is determined using the half-time method
(4.3) [83].
α = 0.1388 × d2/t1/2 (4.3)
Where α is the thermal diffusivity, d is the sample thickness, and t1/2 is the time to
reach half the maximum temperature. The system applies mathematical regression
routines to adjust for radial and facial heat losses, as well as finite pulse effects. The
specific heat Cp is simultaneously measured on the same specimen. With the known
density ρ the thermal conductivity λ can be calculated (4.4).
λ(T ) = α(T ) ×Cp(T ) × ρ(T ) (4.4)
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4.2.4 X-ray Powder Diffraction
The x-ray powder diffraction (XRD) was done by the Texas A&M University
Chemistry Department’s X-ray Diffraction Laboratory. The instrument used was
a Bruker-AXS Advanced Bragg-Brentano X-Ray Powder Diffractometer. Specifica-
tions and operating parameters are listed in Table 4.2.
Table 4.2
XRD instrument specifications. Bruker-AXS D8 Advanced Bragg-
Brentano X-Ray Powder Diffractometer
Specifications
D8 Goniometer
Lynxeye Position Sensitive Detector
Copper X-ray Radiation
Software: EVA, Bruker AXS Inc.
Database: PDF-2, International Center for Diffraction Data (ICDD)
Operating parameters
Power 40 kV, 40 ma
Step size 0.015 degree 2θ
Scan Speed 0.1 seconds per step
Samples were prepared for XRD by pulverizing briefly (≤1 minute) in a WIG-L-
BUG (Model 3110B) grinding mill with a steel ball bearing. Powders were checked
with a Hirox optical microscope (Model KH 1300) to assure particles were in the
5-10 µm range.
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4.2.5 Scanning Electron Microscopy and Wave Dispersive Spectrometry
The electron microprobe is an instrument very similar to a standard scanning
electron microscope (SEM), but instead of focusing on the imaging of samples, the
microprobe is designed primarily for chemical analysis. The electron microprobe has
an electron column that consists of an electron source, typically a tungsten filament
(but also lanthanum hexaboride is used), and focusing magnetic lenses and apertures.
The column is held at a vacuum of 1 × 10−4 to 1 × 10−5 Pa. An electron beam is
focused on the sample with a spot size of 0.1 to 1 µm. Electron energies can be
adjusted from 5-50 keV. The sintered bentonite samples were run at 15 keV and 20
nA to obtain elemental data, while most of the backscattered electron images we
acquired at 15 keV and 3 nA. When electrons strike the sample a series of electron
interactions occur and secondary, backscattered, and auger electrons are emitted.
Some electrons are absorbed, and they create heat, visible light and also x-rays.
These x-rays can be created by two mechanisms. The bombarding electron may
be decelerated when interacting with the nucleus of the atoms in the sample or the
electrons surrounding the nucleus. The energy lost results in the emission of an x-ray
of a continuous energy range up to the accelerating potential of electron beam. The
beam electron may also interact with an inner shell electron transferring its energy to
the inner shell electron ejecting it from the atom, or raising the electron to a higher
energy shell. This last type of interaction results in the energized electron falling
back into the vacant inner shell, resulting in either another electron being ejected
with energy related to electon transition, or the emission of an x-ray photon with the
energy equal to the difference between the electron shells. These characteristic x-
rays are useful for elemental determination, and are responsible for energy dispersive
spectroscopy (EDS) and wave dispersive spectroscopy (WDS).
Most electron microscopes have an energy dispersive spectrometers, but the elec-
tron microprobe also has a series of wave dispersive spectrometers. These spectrom-
eters consist of a rotatable, oriented diffraction crystal coupled with a proportional
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gas-filled ionization detector. These two are arranged in a geometric relationship
according to Bragg’s Law (4.5)
nλ = 2d sin θ (4.5)
where n is the order of diffraction, λ is the wavelength of the characteristic x-ray
(A˚), d is the atomic spacing of the diffracting crystal (A˚), and θ is the angle of
incidence. Depending on the angle of incidence the x-rays will combine constructively
or destructively. The choice of crystal, the arrangement of the crystal, and detector
is determined by the element of concern’s characteristic x-ray wavelength. X-ray
detectors are usually Li-drifted silicon or a high-purity germanium.
This system allows for the resolution of peaks about an order of magnitude better
than EDS, and an improved peak/background ratio by an order of magnitude.
WDS system is also capable of quantitative analysis. A series of detectors are
set to count for separate elements during a scan of a sample, providing ratios of
each element found. There are several issues that will affect accuracy and precision
of the instrument that must be considered, such as interferences between various
characteristic x-rays that need to be accounted. For a full description, see the source
reference [84].
WDS Sample Preparation
Samples were mounted in epoxy (Buehler Ltd), from resin and hardener (Epo-
Kwick). Mounts were allowed to set over night. Polishing was done with sandpaper
up to 1200 grit for low sintering temperatures 700 - 1000○C. Samples sintered from
1100 to 1200○C were also polished with 3µm diamond spray followed by 1/4 µm
spray, then ultrasonically cleaned in 100% ethanol. The mounted samples were
sputter coated with ∼15nm of carbon.
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Acquisition Settings
The accelerating voltage was set at 15kV and 20nA to produces an electron
spot size of approximately 0.5µm. The electrons excite a tear drop shaped area
∼ 1µm in diameter and ∼ 1.25µm deep from which characteristic x-rays are produced.
The x-ray detectors were arranged at a distance multiple of the wavelength of the
characteristic x-ray of the elements of concern. The crystals were chosen depending
on the particular x-ray of interest (Table 4.3).
Table 4.3
WDS crystal types and associated elements. (TAP: thallium acid phtha-
late, PET: pentaerythritol, LIF: lithium fluoride)
Element Line Crystal Standard
Na K-α TAP albite
Rb L-α TAP RbI
Mg K-α TAP hornblende
Al K-α TAP albite
Si K-α PET hornblende
Ca K-α PET hornblende
Sr L-α PET SrTiO3
Fe K-α LIF hornblende
Cs L-α LIF CsBr
Ba L-α LIF BaSO4
4.2.6 Neutron Activation Analysis
Neutron Activation Analysis (NAA) was done at the Texas A&M Triga Mark
I research reactor. The reactor is pool-type, with sample port tubes for sample
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irradiation. Samples were exposed to 10.0×1013 neutrons/cm2s˙ at 100 kW. Known
quantities of representative standards were run under identical conditions, then com-
pared to unknown samples and quantified using the ratio method. Analysis was done
with Genie 2000 software (Canberra Inc.).
Due to the presence of cesium, in our samples short exposures (60 seconds) and
long exposures (1 hour) were required. Cesium’s very high activation rate hid any
signal due to strontium over long exposures. Short exposures were necessary to
detect the strontium signal. For short runs samples are pneumatically inserted and
pneumatically removed allowing samples to be removed from the neutron flux quickly.
Samples were then counted after being removed from the reactor.
4.2.7 Toxicity Characteristic Leach Procedure
The Toxicity Characteristic Leach Procedure (TCLP) is a protocal that is defined
very specifically under the Resource Conservation and Recovery Act [85]. Samples
under analysis are exposed to an acetic acid solution for a predetermined amount
of time while mixed. The liquid is then analyzed to quantify the concentration of
various listed substances. If the concentration of any listed toxin is above guideline
limits the waste is considered hazardous. If the waste fails the TCLP it must be
disposed in a hazardous waste facility.
A simplified TCLP, taken from personal communication with Michael Kaminski
2009, was performed on the sintered clay samples as a baseline leachability test.
This is not a definitive leach resistance test, but only used to compare between the
different sinterings and loadings of these particular samples.
TCLP Reagent and Sample Preparation
Each sample of sintered bentonite clay was ground to a powder by mortar and
pestle and sifted through # 100 sieve to ≤ 150µm. The simplified TCLP required 5
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grams of powder added to 96.5 mL DIW in a 500 mL beaker. The simplified TCLP
differs from the regulatory procedure and is only for comparison of our samples to
each other, passing the simplified TCLP has no legal consequence.
Steps of Simplified TCLP
1. Place 5 grams of sample powder in a 500 mL beaker, add 96.5 mL DIW, cover
with a watch glass, stir vigorously on a magnetic stirrer for 5 minutes. Measure
and record the solution’s pH.
2. For pH <5 got to step #3. For pH >5, go to step #4.
3. Prepare fluid #1: Add 5.7 mL glacial acetic acid to 500 mL DIW, add 64.3
mL of 1 N NaOH, then dilute to a volume of 1 L. The resulting pH should be
4.93 ± 0.05. Procede to step #6.
4. For pH >5, add 3.5 mL of 1 N HCl, slurry briefly, cover with a watch glass,
heat to 50○C and hold at 50○C for 10 minutes. Allow the solution to cool to
room temperature and record pH. If pH is <5, proceed to step #3. If pH is
>5, proceed to step #5.
5. Prepare fluid #2: Dilute 5.7 mL glacial acetic acid with DIW to a volume of 1
L. The resulting pH should be 2.88 ± 0.05. Proceed to step #6.
6. Transfer 50 grams fo powder (100 mesh) into 2.2 L polyethylene bottle, add
1000 grams of fluid specified above and seal bottle tightly with teflon tape.
7. Agitate bottle at 30 ± 2 rpm for 18 ± 2 hours.
8. Filter leachate thruogh 0.7 µm filter.
9. Add 20 mL of extract to each of two labeled sample vials. Measure the pH of
the two vials.
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10. Add 100 mL of the extract to another two labeled vials for cation analysis.
Add 1 mL of concentrated HNO3 to each vial to ensure a pH <2.
11. Save additional leachate for analyses if needed.
Leachate solutions were anayzed with iductively coupled plasma mass spectroscopy
(ICP-MS) either at Texas A&M Trace Element Laboratory for samples sintered at
700, 800 and 1000○C, or Argonne National Laboratory for samples sintered at 1100
and 1200○C.
4.3 Waste Form Heat Generation Model
Calculations with experimental data collected in this study were input to a model
described by Kaminski [86]. The model will determine waste form radius, assum-
ing a right cylinder with an input maximum centerline temperature. The model
accounted for the different isotopes and only required the wt% of cesium and stron-
tium, thermal conductivity, density, and a maximum center-line temperature. The
model assumes passive cooling with air at 90○C with natural convection. The waste
form was assumed to be inside a stainless steel canister 0.02 m thick. The spent
fuel was assumed to be 4.25 enriched uranium, with burn-up at 50GWD/ton, and
20 years of cooling. The isotopic composition of the spent fuel was determined from
ORIGEN simulations by J. Stillman (ANL).
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5. RESULTS
Upon sintering at higher temperatures the clay color transformed from a reddish
brown at 700○C to a pale yellow at 1200○C (5.3). The samples at lower sinterings
were brittle and pulverized easily, while those sintered at ≤1000○C became very hard
and were much more difficult to pulverize.
5.1 Bulk Properties
Sinterings ranged from 700○C to 1400○C, but at 1400○C the samples melted com-
pletely. The lowest waste loading, ∼15 wt% waste, became bloated when sintered
at 1200○C resulting in a pumice-like porous mass. When the waste loading was in-
creased to 18 and 21% wt% the samples distorted less severly, swelling and cracking
slightly, loadings above 21 wt% had a smooth texture and uniform coloration (Figure
5.1).
Fig. 5.1. 1100○C and 1200○C sintered bentonite clay various loadings.
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At sintering temperatures ≤1000○C the color transformed from a reddish brown
at the lowest sintering temperatures to a pale yellow at the highest. The color of
the samples sintered at temperatures 800 through 1000○C resulted mottled combi-
nations. Lower loadings at 700, 800, and 1000○C sintering temperatures displayed
darker coloration than the 100% loaded samples (Figure 5.2), the ceramics had the
lightest coloration at 1100○C at loadings >80% and the 1200○C became darker (Fig-
ure 5.3). The bentonite tranformed from a brick colored, rough texture 700○C to a
pale yellow, hard glassy ceramic at 1200○C (Figure 5.3).
Fig. 5.2. 700, 800, and 1000○C sintered bentonite with 24%-32% waste
loadings.
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(a) 700○C 32wt% waste (b) 800○C 24wt% waste
(c) 1000○C 26 wt% waste. (d) 1000○C 31wt% waste.
(e) 1100○C 21wt% waste (f) 1200○C 21wt% waste
Fig. 5.3. Bentonite clay sintered at 700, 800, 1000, 1100, and 1200○C
with various waste concentrations
36
5.1.1 Density
The bulk density trends were variable, generally increasing with loading and
sintering temperature. At 700, 1000, and 1100○C there was a drop in bulk density
at the highest loadings (Table 5.1).
Table 5.1
Bulk densities of sintered bentonite. Density as a function of maximum
theoretical loading and sintering temperature.
Bulk density g/cm3
Sintering Temperature○C
Loading (% of max) 700 800 1000 1100 1200
100 1.21 1.78 1.84 2.18 2.53
90 3.03 2.51
80 2.95 2.55
70 1.24 1.76 2.02 2.94 2.41
60 2.89 2.12
50 2.73
5.1.2 Porosity
The porosity of the samples was reduced with increasing sintering temperature.
The lowest porosity was at the highest sintering temperature of 1200○C at 100%
loading with 4.7%. The porosity 1100○C was higher than at 1000○C at 70% loadings
of the theoretical maximum. The lowest sintering temperature of 700○C resulted in
ceramics with greater than 50% porosity (Table 5.2).
The porosity of the clay varied substantially from sintering to sintering. When
plotted with thermal conductivity on the Y-axis and porosity on the X-axis (Figure
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5.4) we have the relationship predicted by Coble and Kingery [87]. The higher density
at the higher sintering temperatures will produce a higher thermal conductivity.
Fig. 5.4. Porosity effects on thermal conductivity of bentonite sintered
at 700, 800, and 1000○C waste loadings at 70 and 100% of theoretical
maximum.
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Table 5.2
Open porosity of sintered bentonite loaded with metal ions.
Open porosity %
Loading (% of max)
Sintering Temperature○C 70% 90% 100%
1200 14.4 4.7
1100 33.6 32.7
1000 32.1 40.3
800 40.5 43.0
700 58.5 61.7
5.2 Differential Scanning Calorimetry and Thermal Gravimetric Analysis
Thermal Gravimetric Analysis (TGA) records the mass changes under heating.
Differential Scanning Calorimetry (DSC) measures the thermodynamic heat flux
as a function of temperature. In these plots exothermic heat flux is positive, and
endothermic heat flow is negative. DSC-TGA was applied simultaneously to the
various unsintered bentonite clay loadings. The results are qualitative only showing
trends and onset temperatures. A sample of pure bentonite clay was analyzed as
well to document the baseline clay behavior. The pure bentonite has an exothermic
bloating reaction accompanied by a small mass loss at 950○C (Figure 5.5). This
bloating is attributed to the release of oxygen during the reduction of various oxides
in the clay [88]. A similar exotherm occurs >1200○C when the 16% loaded bentonite
bloats, but without a detectable mass loss (top left Figure 5.1, and 5.6).
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Fig. 5.5. Pure bentonite combined differential calorimetry and thermal
gravometry displaying high temperature bloating effects
Each of the loaded bentonite clay samples started with a sharp drop in mass upon
initial heating with one exception, the 16 mass percent waste loaded sample (Figure
5.6). This sample was stored in a dessicator prior to analysis and during this time
the powder lost most of the loosely bound water.
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Fig. 5.6. 16 mass percent waste loaded bentonite combined differential
calorimetry and thermal gravometry
The dehydration process in montmorillonite has been documented by Onal and
Sarikaya [89]. The mass loss rates due to water release coincide with how tightly
bound the water is to the clay. Once the heating begins the early steep mass loss is
due to the drying of interparticle water. This water comes off quickly then concludes
at ≤200○C (Figures 5.5, 5.7). This mass loss has an associated endotherm visible as
a negative slope ∼150○C.
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Fig. 5.7. 22 mass percent waste loaded bentonite combined differential
scanning calorimetry and thermal gravometry plot
The second mass loss step, with a gentler slope becomes evident once the inter-
particle water is exhausted. This mass loss is due to adsorbed water and interlayer
water. The heat flux is exothermic during this process, seen as a upward trend from
150–200○C concluding at 400–500○C with a plateau (Figures 5.6, 5.7). The interlayer
water is held much more tightly than the interparticle water due to cations that
also occupy spaces between the clay layers. The cations and the water create partial
bonds amongst themselves and with the oxygen attached to the silica tetrahedrals.
As the heating continues the mass loss rate transitions to another rapid decline. This
final dehydration step is due to dehydroxylation water losses which set in ∼500○C in
the clay loaded with waste ions, the mass loss concludes ∼600○C (Figures 5.6, 5.7)
which differs from the pure bentonite at 700○C (Figure 5.5). Onal [89] and Grim [90]
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found dehydroxylation mass loss concluded ∼800○C. Balek observed when bentonite
was saturated with different cations dehydroxylation concluded at 700○C [91].
The heat flux which was flat during the interparticle water drying, becomes
sharply endothermic during dehydroxylation reaching an inflection at ∼575○C (Fig-
ures 5.7, 5.6). The dehydroxylation water release in bentonite clay requires the high-
est temperature. This is due to hydroxyl groups being molecularly bound within the
clay structure. When hydroxylation occurs the lattice of the clay becomes porous
and amorphous. This structural damage concludes from 600 to 650○C. Each of these
stages is visible in the 16 and 22 mass percent waste loaded bentonite (Figures 5.6,
5.7) as well as the pure bentonite (Figure 5.5). The heat flux returns to an increasing
exothermic trend peaking at ∼900○C, then becoming endothermic. This endotherm
continues until pure bentonite and 50% loadings bloat (Figures 5.5, 5.6), at 1000 and
1200○C respectively. Higher loading ceramics eventually melt at >1300○C. This is
known from a glass-like coating on the bottom of the DSC-TGA crucibles.
The onset temperatures for each of mass loss steps are consistent across the
samples (Figure 5.8). The first dehydration step is dependent on the amount of
initial water in sample which can vary substantially from sample to sample, the ion
saturated bentonite is very hygroscopic. All samples lost water continuously until
the completion of dehydroxylation step. During this dehydroxylation phase, ∼600○C,
is also where nitrates are exhausted as reported by Kaminski et al [82].
43
0 200 400 600 800 1000 1200 1400
55
60
65
70
75
80
85
90
95
100
105
Temperature (°C)
M
as
s 
Ch
an
ge
 (%
)
 
 
16%
22%
32%
Fig. 5.8. Mass changes upon heating of bentonite clay at various con-
centrations of waste.
5.3 Light Flash Analysis
Samples sintered at 700○C had the lowest thermal diffusivities that do not exceed
0.24 mm2/s, with the higher loading slightly higher than the lower 70% waste loading.
The specific heat was higher for the lower loading with a maximum at 1.06 J/g⋅K
at 300 K (Figure 5.9). The 700○C 100% loaded bentonite specific heat falls between
that of pollucite and Sr-feldspar, but the lower loading exceeds that of both minerals
at temperatures >125○C.
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Fig. 5.9. Thermal properties of 700○C sintered bentonite. × refers to
thermal diffusivity of 70% loaded bentonite; and ◾ refers to the thermal
diffusivity of 100% loaded bentonite; + refers to the specific heat of 70%
loaded bentonite; ● refers to the specific heat of 100% loaded bentonite;
green line is the specific heat of pollucite Ogorodova, 2003 ; and the orange
line is the specific heat of Sr-feldspar Chernyshova, 1991.
At 800○C sinterings the thermal diffusivities continued to increase from 0.33 at
to 0.38 from room temperature to 300○C also with higher thermal diffusivities for
higher loadings. Specific heat on the other hand was higher for the lower waste
loading reaching a maximum at 0.99 J/g⋅K at 300○C. The higher loading’s specific
heat coincides with that of pollucite at temperatures >125○C, the lower 70% loading
specific heat was closer to that of Sr-felspar at temperatures >200○C (Figure 5.10).
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Fig. 5.10. Thermal properties of 800○C sintered bentonite. × refers to
thermal diffusivity of 70% loaded bentonite; and ◾ refers to the thermal
diffusivity of 100% loaded bentonite; + refers to the specific heat of 70%
loaded bentonite; ● refers to the specific heat of 100% loaded bentonite;
green line is the specific heat of pollucite Ogorodova, 2003 ; and the orange
line is the specific heat of Sr-feldspar Chernyshova, 1991.
At 1000○C sinterings the thermal diffusivity increased to a maximum of 0.50
mm2/s at room temperature for the 70% theoretical maximum waste loading. For
this case the lower loading had a higher thermal diffusivity than the higher loading.
Specific heat was higher for the lower loading but the difference was relatively small
with 0.83 J/g⋅K for a 70 % loading and 0.77 J/g⋅K at the 90% loading, both values
coincide well with the specific heat of Sr-feldspar (Figure 5.11). The specific heat
of the loaded bentonite was higher for samples with lower waste concentrations at
each temperature tested (Figures 5.9, 5.10, and 5.11). Overall thermal diffusivity in-
creased with sintering temperature. As thermal diffusivity increases, the ceramic can
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change temperature more quickly, thus improving thermal conductivity. Sintering at
700 and 800○C higher waste loading resulted in higher thermal diffusivities (Figures
5.9 and 5.10). Sintering at 1000○C the thermal diffusivity for the lower loading was
higher than the theoretical maximum loading (Figure 5.11).
Fig. 5.11. Thermal properties of 1000○C sintered bentonite. × refers to
thermal diffusivity of 70% loaded bentonite; and ◾ refers to the thermal
diffusivity of 100% loaded bentonite; + refers to the specific heat of 70%
loaded bentonite; ● refers to the specific heat of 100% loaded bentonite;
green line is the specific heat of pollucite Ogorodova, 2003 ; and the orange
line is the specific heat of Sr-feldspar Chernyshova, 1991.
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Fig. 5.12. Thermal conductivity of sintered bentonite loaded with ions.
+ refers to 70% loaded bentonite sintered at 700○C; ◻ refers to 100%
loaded bentonite also sintered at 700○C; ∗ refers to 70% loaded bentonite
sintered at 800○C; ○ refers to 100% loaded bentonite sintered at 800○C; ×
refers to 70% loaded bentonite sintered at 1000○C; and ▽ refers to 100%
loaded bentonite sintered at 1000○C. Measured in air.
Thermal conductivity was calculated from the bulk density (Figure 5.1), thermal
diffusivity, and specific heat (measured in air). The higher sintering temperatures
resulted in higher thermal conductivities and the lower waste loadings had higher
thermal conductivities at each sintering temperature. The highest thermal conduc-
tivity was for 70% theoretical maximum loaded bentonite, or 26 mass percent waste
ions sintered at 1000○C at 0.68 W/m⋅K at 275○C (Figure 5.12).
When compared to porosity data, the lower thermal conductivities for the higher
loadings coincide with the higher porosity in these samples.
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5.4 X-Ray Powder Diffraction
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Fig. 5.13. XRD of 70% theoretical waste loaded bentonite. ▽ barium
aluminum silicate Ba(Al2Si2Si2O8) PDF 1-088-1048; ◊ refers to cesium
aluminum silicate (pollucite) CsAlSiO4 PDF 47-0471; ∗ refers to barium
strontium aluminum silicate Ba0.5Sr0.5Al2Si2O8 PDF 38-1452; ○ cesium
aluminum silicate Cs4Al4Si20O48 PDF 41-0569.
Bentonite clay loaded with ions to 70% of the theoretical maximum, approxi-
mately 25 mass percent waste, sintered at 700○C displayed an amorphous hump, and
a low intensity peak due to quartz which is present in bentonite as an impurity (top
of Figure 5.13). The quartz peak at 26.6 2θ (Figure A.11) remains as crystals up
49
to 10µm unitl 1000○C sinterings (Figures 5.27, 5.28). ty XRD peak is visible up to
800○C (5.13, 5.14).
As the sintering temperature was increased to 800○C a barium aluminosilicate
structure appears, Ba(Al2Si2Si2O8). At the 1000○C three phases become appar-
ent; cesium aluminum silicate (pollucite) CsAlSiO4, a 50:50 barium strontium alu-
minum silicate Ba0.5Sr0.5Al2Si2O8, and a high silica content cesium aluminum silicate
Cs4Al4Si20O48.
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Fig. 5.14. XRD of 100% theoretical waste loaded bentonite. ▽ bar-
ium aluminum silicate Ba(Al2Si2O8) PDF 1-088-1048; ◊ refers to cesium
aluminum silicate (pollucite) CsAlSiO4 PDF 47-0471; + refers to barium
strontium aluminum silicate Ba.75Sr.25Al2Si2O8 PDF 38-1451.
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At approximately 32 mass percent waste ions, or 100% loaded bentonite the 700○C
sintering resulted in the a very similar situation observed with the lower loading, only
a quartz peak and a amorphous hump was visible in the XRD scan. Sintering at
800○C also displays the same barium alumino silicate as before Ba(Al2Si2O8), but
also pollucite appears, cesium aluminum silicate CsAlSiO4. At 1000○C we see two
phases. These are pollucite CsAlSiO4 and a 75:25 barium strontium aluminosilicate
Ba.75Sr.25Al2Si2O8 (Figure 5.14).
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Fig. 5.15. XRD of 100% theoretical waste loaded bentonite sin-
tered at 1200○C. ◊ refers to cesium aluminum silicate (pollucite)
CsAlSiO4 PDF 47-0471; ∗ refers to barium strontium aluminum silicate
Ba0.5Sr0.5Al2Si2O8 PDF 38-1452.
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Sintering the maximum loading at 1200○C resulted in two apparent phases. The
pollucite is still prominent and displays very sharp high peaks, the other is the 50:50
barium aluminosilicate Figure 5.15.
5.5 Scanning Electron Microscopy and Wave Dispersive Spectroscopy
Samples sintered at 700, 800, 1000, 1100, and 1200○C were analyzed and elemen-
tal maps were produced. In addition to the elemental maps backscattered electron
images of the selected areas were also created to reference the location and topog-
raphy of the mapped areas. The elemental map images are gray scale where lighter
areas refer to higher concentrations of a particular element. The concentrations are
not transferable from image to image or element to element. The overall concen-
tration of each component was determined with neutron activation analysis, and
most images are only qualitative. Quantitative analysis was reserved for the sample
sintered 1200○C. The relative intensity of the signal is only relevant within each in-
dividual image. For clarity contrast and brightness may have been modified. Bright
white areas are only a local high concentrations and should not be considered ab-
solute maximums, or that no other elements are present. The location of each of
the mappings was chosen primarily for its lack of porosity, to focus on the mineral
phases present, flat areas were chosen over cracks and voids.
The lowest sintering temperature of 700○C produced a very course texture. Stron-
tium in the higher loading appears to be concentrated in small areas, and the cesium
in the lower loading is concentrated in some regions more than others. But overall
the four elements Cs, Sr, Ba, and Rb are distributed homogeneously (Figures 5.16,
5.17). The central dark region in the lower loading (70% theoretical) is void of the
four elements in this figure is probably quartz that has not dissolved during sintering.
The region has a high silicon concentration (Appendix D).
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(a) Backscattered image at 1000X of 700○C sintered bentonite 25% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.16. BSE, and WDS of 700○C sintered bentonite, 25 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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(a) Backscattered image at 1000X of 700○C sintered bentonite 32% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.17. BSE and WDS of 700○C sintered bentonite, 32 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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At 800○C sintering the surfaces are smoother, with larger continuous flat areas.
The elements cesium and strontium have areas of high concentration similar to the
700○C sintering. Rubidium and barium in the higher waste loaded bentonite also
display small regions of high concentration (Figures 5.18, 5.19).
In bentonite sintered at 1000○C and loaded to 70% of the theoretical maximum
(∼26 mass percent) the waste ions are distributed in a similar manner to the 800○C
sinterings, with areas of higher concentration (Figure 5.20). Bentonite loaded to
100% (∼31 mass percent) at 1000○C displays a transition from lower temperature
sinterings, and the 70% loading (Figure 5.21). Up to this point the surfaces have
been rough and porous. In the backscattered image of the 1000○C 100%loading
three distinct regions are visible, a very rough dark area, and a flat region with
bright spots and a slightly darker grey area. Within the elemental maps a very
clear segregation is evident. The cesium and strontium have become concentrated
in much smaller areas within the sample, and the barium and rubidium also have
become concentrated to separate regions in the sample. The cesium and rubidium
are occuping the same areas, while the barium is in the opposing regions. The
strontium has become very concentrated in isolated small spots. The silicon has
become homogenously distributed, and no longer in small high concentration clumps
(Appendix D).
The backscattered image of bentonite sintered at 1100○C shows are very large flat
area with interdispersed dark holes. Within the flat area three different regions are
visible. There is a grey matrix that encompasses two brighter phases, a very bright
region and a light grey area. The elemental maps show that the bright area is high
in cesium as well as rubidium. The grey area is rich in barium and strontium (Figure
5.22).
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(a) Backscattered image at 1000X of 800○C sintered bentonite 24% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.18. BSE and WDS of 800○C sintered bentonite, 24 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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(a) Backscattered image at 1000X of 800○C sintered bentonite 32% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.19. BSE and WDS of 800○C sintered bentonite, 32 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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(a) Backscattered image at 1000X of 1000○C sintered bentonite 26% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.20. BSE and WDS of 1000○C sintered bentonite, 26 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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(a) Backscattered image at 1000X of 1000○C sintered bentonite 31% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.21. BSE and WDS of 1000○C sintered bentonite, 31 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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Sintering at 1200○C resulted in a very drastic development visible in the backscat-
tered image. Crystals are visible throughout the sample. Two distinct types of crys-
tals easily noticeable, light areas (representative of larger atomic mass) with crystals
of indeterminant structure, and long rectangular grey crystals. Both crystals are
embedded in a dark phase. The rectangular crystals are indicative of celsian, or
barium feldspar [92] appear in small groups of micrometer to submicrometer size, as
well as crystals over 10 µm long but less than 1µm wide. The light crystals tend to
be larger with width to length ratios much closer to unity (Figure 5.23). This sample
was re-analyzed with spectroscopy focused on quantification in specific regions, and
added a wider spectrum of elements.
At 1200○C the appearance of crystals motivated a quantitative analysis. The
three regions visible were samples for analysis. In addition to the cesium, strontium,
rubidium and barium, the elements aluminum, calcium, silicon, iron, magnesium,
and sodium were included in the analysis.
The grey lath crystal phase had slightly higher levels of barium than the rest
of sample, the dark region is higher in strontium (Figure 5.24). The needles have
the highest levels of aluminum, and lower levels of silicon and calcium than the
surrounding dark phase (Figure 5.25).
Elemental maps show a progressive segregation of the cesium and rubidium from
the strontium and barium. As the sintering temperature is increased the back scat-
tered image transitions from coarse nondescript texture to one with three distinct
regions. Very little difference is visible between the samples until 1000○C where the
26 mass percent sample appears similar to the lower sintering temperatures, but at
31 mass percent waste ions the elemental segregation and phase definition starts to
appear. This trend continues as the sintering temperatures were increased.
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(a) Backscattered image at 1000X of 1100○C sintered bentonite 30% waste metals
(b) Cs relative concentration (c) Rb relative concentration
(d) Sr relative concentration (e) Ba relative concentration
Fig. 5.22. BSE and WDS of 1100○C sintered bentonite, 30 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to higher concentration (bottom).
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Fig. 5.23. BSE 1500X of 1200○C sintered 100% loaded bentonite. Nee-
dle shape crystals consistent with Barium/Strontium-alumino silicates
celsian.
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(a) Cs relative concentration (b) Rb relative concentration
(c) Sr relative concentration (d) Ba relative concentration
Fig. 5.24. BSE and WDS of 1200○C sintered bentonite, 30 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to high concentration (bottom).
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(a) Ca relative concentration (b) Al relative concentration
(c) Si relative concentration (d) Fe relative concentration
Fig. 5.25. BSE and WDS of 1200○C sintered bentonite, 30 mass pct.
waste ions. Backscattered image (top) and element maps where light
areas refer to high concentration (bottom).
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The brightest areas have high cesium and rubidium concentrations, and low to
undetectable levels of strontium and barium, low levels of iron, magnesium, and
sodium, and moderate concentrations of aluminum and silicon. The dark regions
hold barium, the highest levels of strontium, calcium, silicon, sodium, magnesium,
and iron (Figures 5.24, 5.25). Points were selected for quantitative elemental analysis
by x-ray counting (5.26).
Fig. 5.26. Points selected for quantitative analysis in 1200○C sintered
bentonite. ∎ bright areas; ∎ gray areas; ∎ dark areas.
65
Table 5.3
Elemental concentrations of selected points in 1200○C sintered bentonite.
Location Cs Sr Ba Rb Al Ca Si Fe Mg Na O Total (atom %)
Dark 1 0.44 2.87 2.14 0.20 2.79 1.74 22.43 1.32 2.83 1.98 61.26 99.999
Dark 2 0.38 2.81 2.18 0.18 3.05 1.68 22.31 1.28 2.78 2.12 61.25 99.999
Dark 3 0.38 2.87 2.28 0.18 3.12 1.67 22.13 1.30 2.81 2.08 61.18 99.999
Bright 1 7.40 0.00 0.17 1.82 9.07 0.01 20.52 0.51 0.05 0.31 60.14 100.001
Bright 2 7.58 0.00 0.15 1.79 9.18 0.02 20.35 0.49 0.08 0.33 60.05 100
Bright 3 7.36 0.06 0.22 1.77 9.24 0.03 20.32 0.51 0.07 0.33 60.10 99.999
Grey 1 0.11 1.67 4.13 0.24 10.02 0.20 18.71 1.00 0.93 1.62 61.37 100.001
Grey 2 0.12 1.67 4.41 0.21 10.62 0.18 18.24 0.99 0.85 1.37 61.35 99.999
Grey 3 0.15 1.67 4.18 0.25 10.09 0.21 18.65 0.91 0.98 1.53 61.37 100
Detection limits and basis oxides in APPENDIX B.
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(a) Si concentration in 70% loaded bentonite
700○C
(b) Si concentration in 100% loaded bentonite
700○C
(c) Si concentration in 70% loaded bentonite
800○C
(d) Si concentration in 100% loaded bentonite
800○C
(e) Si concentration in 70% loaded bentonite
1000○C
(f) Si concentration in 100% loaded bentonite
1000○C
Fig. 5.27. Silicon elemental maps, temperatures from 700-1000○C sin-
terings at 70% and 100% loadings. Where white refers to a local high
concentration at 1000X.
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(a) Si concentration in 100% loaded bentonite 1100○C
(b) Si concentration in 100% loaded bentonite 1200○C
Fig. 5.28. Silicon elemental maps of 1100 and 1200○C sinterings. Where
white refers to a local high concentration at 1000X.
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The results show that the needle shaped crystals are >4% barium, the highest
barium concentration of all other areas. The bright areas are ∼7.4% cesium and
∼1.8% rudidium, both higher than the other areas. The dark area has the highest
concentration of strontium and silicon, at ∼2.85% and ∼22.3% percent respectively
as well as the highest levels of calcium, iron, magnesium, and sodium (Table 5.3).
Silicon maps have been isolated to highlight the dissolution of quartz grains >1000○C
(Figures 5.27,5.28)
5.6 Neutron Activation Analysis
Bentonite clay loaded with FPEX raffinate ions was analyzed with Neutron Ac-
tivation Analysis (NAA). Bentonite loaded to 70% of the theoretical maximum and
sintered at 700, 800, and 1000○C averaged 10.96 mass% cesium, 3.49 mass% stron-
tium, 8.93 mass% barium, and 1.54 mass% rubidium. Bentonite clay loaded to 100 %
of the theoretical mass had 13.70 mass% cesium, 4.37 mass% strontium, 11.66 mass%
barium, and 2.06 mass% rubidium (Table 5.4). NAA details for each element in the
bentonite sintered at 700, 800, and 1000○C at each theoretical mass concentration
are in Appendix D.
Table 5.4
Mass% of element NAA all sinterings
Average mass% across all sinterings
Element 70% loaded std dev 100% loaded std dev
Cesium 10.96 0.18 13.70 0.22
Strontium 3.49 0.28 4.37 0.35
Barium 8.93 1.22 11.66 1.20
Rubidium 1.54 0.14 2.06 0.14
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5.7 Toxicity Characteristic Leach Procedure
Sintered bentonite powders ≤ 150µm in size with ions of cesium, strontium, bar-
ium and rubidium were mixed with an acetic acid solution for 18 hours. The leachate
was then analyzed by ICP-MS. There are numerous types of hazardous waste. One
reason waste is classified as hazardous is if the barium concentration in its TCLP
leachate is above 100 ppm.
Bentonite sintered at 700○C with 70 % and 100 % theoretical waste concentrations
had 442 and 961 ppm barium concentrations in their leachate solutions respectively.
Sintered at 800○C and loaded to 70% of the theoretical maximum passed at 34.3
ppm, but the 100% laoded bentonite failed at 172 ppm. Both loadings, 70% and
100%; passed when sintered at 1000○C with 18 and 63.1 ppm barium in the leachate
respectively. 1100○C sintering resulted in very low leach rates in the 70% loaded
bentonite, with the highest concentration for barium at 12.6 ppm; at the 100%
loading strontium increases to 78 ppm which is just below the regulation limit. At
1200○C all element concentrations are below 10 ppm at both loadings. All ion leach
rates went down as the sintering temperature was increased with the exception of
strontium. Strontium leach rates were relatively high for the 100% loaded bentonite
at all sintering temperatures except 1200○C Figure 5.29.
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Fig. 5.29. TCLP results 700, 800, 1000, 1100 and 1200○C 70% and 100% loaded bentonite clay (ppm)
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5.8 Heat Generation Model
Data collected in this study was input to the model, and compared to a borosili-
cate waste glass with cesium, strontium, and the lanthanides (Table 5.5). The glass
was developed under the AFCI at Pacific Northwest National Laboratory [93].
Table 5.5
Glass composition
Cs Sr Lanthanide Glass (CSLN-7C)
Measured Target Element %
Al2O3 18.07 17
B2O3 10.5 10
BaO 6.02 5.71 5.11%
CeO2 7.77 7.04
Cs2O 5.45 5.98 5.36%
Eu2O3 0.4 0.41
Gd2O3 0.48 0.46
La2O3 3.58 3.59
Nd2O3 11.34 11.86
Pr2O3 3.26 3.28
Rb2O 0.79 0.77 0.69%
SiO2 29.48 28
Sm2O3 2.59 2.49
SrO 2.09 1.98 1.77%
Y2O3 1.44 1.43 1.28%
Total 103.27 100
Density (g/cm3) 3.36
Tg (○C) 719
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Our ceramic waste form center-line temperature was limited to a maximum
1053○C, based on the observed stability at 1200○C, with an additional safety fac-
tor (90%). Thermal conductivity has been shown to increase linearly with sintering
temperature [82], this was used to extrapolate for the unknown thermal conductiv-
ities. An initial thermal conductivity was assumed, and input into the model. The
model generated a center-line temperature and edge temperatures, the average of
the two was used to extrapolate for the thermal conductivity. The new thermal
conductivity was entered into the model to re-calculate the center-line and cladding
temperatures. The center-line temperature for the borosilicate glass was limited to
the glass transition temperature of 719○C.
Waste form diameter size was found comparable to the borosilicate glass(Table
5.6).
Table 5.6
Wasteform diameter for sintered bentonite and CSLN-7C glass
Waste form radius (m) Diameter (in)
70% bentonite 0.192 15.09
100% bentonite 0.169 13.31
CSLN-7C glass 0.164 12.9
burn-up=50 GWD/ton; 4.25 enrichment; 20 yr cooled
As the waste form radius is increased, the cladding surface and centerline tem-
peratures will increase (Figure 5.30).
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Fig. 5.30. Center-line temperature and cladding surface temperature
as a function of waste form diameter. Where + refers to 100% loaded
bentonite center-line temperature, ◊ 70% loaded bentonite center-line
temperature, × 100% loaded bentonite cladding surface temperature, △
70% loaded bentonite cladding surface temperature
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6. CONCLUSIONS
Ions in a nitric acid solution were added to the bentonite clay. As the moisture
is driven off the clay, the solution becomes increasingly concentrated with lower and
lower pH. The effect of low pH on the cation exchange capacity is to lower it. Typical
cation exchange values for bentonite are ∼1 meq/g or lower [94]. Strontium (Sr2+)
cation exchange capacity as a function of pH onto a pillared aluminum montmoril-
lonite was reported by Papachristodoulou et al [22] to be approximately 0.1 meq/g
at a pH of 3.5, 0.64 meq/g at a pH 7.0 and 0.82 meq/g at pH 8.5. Delgado suggested
the following Na+-H+ exchange reaction for sodium montmorillonite.
Na-montmorillonite + H2O ⇋ H-montmorillonite + NaOH
He suggested the penetration of H+ into the lattice were responsible for the de-
composition of the montmorillonite, via release of exchangeable Al3+ and Mg2+ as
ions [95]. Avena described the equilibrium between the hydrogen of the solution and
the hydroxyl groups attached to the particle edges more generally as
SO− + H+ ⇌ SOH
and
SOH + H+ ⇌ SOH2+
where the S represents any surface site [96]. In our case this may be occurring, but
in our system the water is eventually completely driven off leaving all of the Cs, Ba,
Sr, Rb, as well as the original Na, Ca, Fe, and Mg cations to precipitate onto the
bentonite surfaces. In our bentonite, magnesium, iron, calcium, and sodium initially
reside between the layers of silica and alumina sheets. These ions and the additional
waste ions saturate the anion sites as well as precipitate on the bentonite surfaces.
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6.1 Waste Form Consolidation
Porcelain is a ceramic usually produced by mixing kaolinite clay with quartz and
feldspars. Approximate proportions are 50 wt% kaolin, 25 wt% fluxing agents, and 25
wt% quartz. Fluxing agents are typically potash feldspar (K2O⋅Al2O3⋅0.6SiO2), soda
feldspar (Na2O⋅Al2O3⋅0.6SiO2), and lime feldspar (CaO⋅Al2O3⋅0.2SiO2). The process
of converting these raw materials to porcelain proceeds in an abbreviated form as
follows: (1) Dehydroxylation breaks down the clay structure, converting kaoline to
metakaoline. (2) α- to β-quartz inversion, a reversible transition from a trigonal to
hexagonal crystal structure at 573○C. (3) Sanidine forms, which is a homogeneous
mixure of alkali feldspars, at 700-1000○C. (4) Metakaolin transforms to a spinel-type
structure and releases free amorphous silica at 950-1000○C. (5) Free silica forms a
eutectic with the feldspar and alumina K2O-Al2O3-SiO2. The temperature depends
on the type of feldspar, the concentration, and other components present. (6) As
the temperature rises porosity is eliminated through viscous phase sintering. (7) The
unstable spinel transforms to mullite at ∼1000○C. (8) At ∼1200○C the melt becomes
saturated with silica quartz, and the quartz to cristobalite transformation begins. (9)
Above 1200○C prismatic mullite crystals grow into the feldspar grains. (10) Cooling
begins, the semi-solid nature of the glass phase prevents residual stresses into the
glass transition temperature. (11) Cooling through the quartz inversion temperature
at 573○C reduces quartz particle volume by 2% (this can crack the porcelain if not
managed properly). (12) At 250 - 225○C, β to α-cristobalite inversion occurs, but less
sudden than the quartz inversion, which makes this less of a fracture issue [97, 98].
Ohya and others found quartz grains cause cracking in porcelain due to a large
thermal expansion differences between the crystalline quartz (α ≈23 × 10−6K−1) and
the glassy phase (α ≈3 × 10−6K−1 ) in the temperature range 20- 750○C [99].
In our case we have a very similar composition, but the process feed has a different
form. The total silica may be comparable, but the source in the raw feed for porcelain
is quartz. Quartz dissolution does not occur until >1200○C. The porcelain feed is
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∼25% feldspar mineral, which has silica and alumina, but our system is comprised
of bentonite saturated with up to 30 wt% alkali and alkaline earth metal ions. Thus
the ions are consuming the alumina and silica to produce the feldspars and pollucite,
omitting the alumina polymorphs that occur in porcelain. Despite these differences
there are similarities in the crytalization process of porcelain with our system:
(1) At 550○C DSC shows an endotherm, and simultaneous mass loss, evident
of dehydroxylation (Figure 5.6. 5.7) The hydroxyl groups attached to the alumina
layers are driven off causing a collapse of the layered bentonite structure (600-800
○C), similar to what has been reported for pure bentonite [90], as well as ben-
tonite saturated with cations [91]. The XRD scans show an amorphous hump which
confirms the lack of crystal structure (Figures 5.13, 5.14). The montmorillonite
becomes meta-montmorillonite after dehydroxylation, as reported by Malek [100].
Meta-montmorillonite is a porous amorphous material confirmed by the density at
700○C which is the lowest we recorded, over 50% for both 70% and 100% loadings
(Figure 5.1). Balek reported that the cations move into the vacancies of the meta-
montmorillonite that remain after dehydroxylation [91]. We see that the cations are
easily leached from the structure that remains after sintering to 700○C, with leach
rates over 900 ppm for cesium and barium at the 100% loading (Figure 5.29). The
remaining water is lost at this step, the nitrate has been shown to be released at this
stage as well [82].
(2) At 800○C the amorphous structure begins to crystallize, instead of the metakaolin
in porcelain, we see the appearance of hexacelsian (BaAl2Si2O8) and pollucite (CsAlSiO4)
in the XRD scans (Figures 5.13, 5.14). Hexacelsian is the first phase visible in the
XRD at 800○C and 70% loading, pollucite also appears but in the 100% loaded sam-
ple also at 800○C. The leach rates determined by our simplified TCLP decrease
for all elements tested, with the smallest change of 2.2 times less for strontium at
800○C than the 700○C sintering (Figure 5.29). We also see the Group I and Group
II elements begin to segregate into distinct separate regions 800○C (Figure 5.19).
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(3) 1000○C hexacelsian is no longer visible and has been replaced by monoclinic
forms with variable strontium to barium ratios (Figures 5.14, 5.13). For the hexago-
nal to monoclinic transition to occur, Al-O and Si-O bonds must be broken to from
a planar to three dimensional structure. Bansal reported the energy required, for
hexagonal strontium to convert to monoclinic, as 527 kJ/mol [101]. In our DSC
plots a peak is visible at ∼900○C, which becomes endothermic due in part to this
transformation, which continues downward as the ceramic eventually melts (Figures
5.6, 5.7). These celsian crystal structures that form exist in various ratios of bar-
ium to strontium. Our samples show a 50:50 Ba to Sr crystal phase at 1000○C at
the 70% loading (bottom of Figure 5.13) as well as at 1200○C with a 100% loading
(Figure 5.15). A separate 25:75 Ba to Sr ratio feldspar is detected at 1000○C and
100% loading (bottom of Figure 5.14). As the monoclinic feldspars grow, so does
the pollucite phase. In the higher loading (100%) the pollucite XRD peaks double in
intensisty from 800 to 1000○C sinterings (Figure 5.14). The crystals grow in separate
regions as the separation of the alkali, and alkaline earths continues. The segeration
is visible as separate phases growing in the backscattered image of the 100% loaded
bentonite, as well as the concentration of elements in the elemental maps (Figure top
5.20). The leach rates with 1000○C sintering decreased to <100 ppm for all elements
except strontium which is still high at 387 ppm.
(4) At 1100○C the backscattered image shows a uniform grey colored matrix with
a dark phase within, and a larger white region throughout. The white is typical of
high Z elements, such as cesium. The DSC has a steep downward slope at 1100○C
indicative of energy consumption during melting. The grains of silica are no longer
visible, and silica has become homogeneously distributed (Figure 5.28). The density
has increased from 1.84 g/cm3 at 1000○C to 2.18 g/cm3, indicative of viscous sinter-
ing. The different structured phases embedded within the silica rich region indicate
a eutectic has formed (Figure 5.22).
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(5) 1200○C a high silica phase has formed and is filled with Sr- and Ba-feldspar
crystals, and cesium has formed monoclinic crystals up to 10 µm wide (Figure 5.23).
The ceramic is a light colored glassy structure, uniform in color and texture (Figure
top right 5.1, and bottom right 5.3). Leach rates have dropped appreciably, the
700○C at the 100% loading leached >200 times more than in the 1200○C sinterings
(Figure 5.29). The rubidium we can assume has done the same due to very similar
chemistry, as well as rubidium’s location in the elemental maps which overlap that
of cesium (Figure 5.24, and Table 5.3). XRD plots are inconclusive with respect to
rubidium, the low concentration 1.54–2.06 wt% (Table 5.4) coupled with overlapping
peaks make confirmation difficult (Table 6.1). The bentonite is allowed to cool after
sintering, I will forgo the steps and speak about cooling with respect to the phases
present.
During sintering at ∼800○C, crystallization begins with the appearance of a hexag-
onal barium alumino-silicate in the XRD (Figure 5.13). This compound has been
found to be unstable [101]. Sorrell suggested perhaps the hexagonal celsian appears
during rapid crystallization only to be consumed by the monoclinic feldspar [3]. Our
XRD plots support this. The hexagonal celsian (barium alumino-silicate) is present
at 800○C but not at 1000 or 1200○C (Figures 5.13, 5.14, and 5.15). The hexagonal
celsian, or hexacelsian as it is known, has a transition from hexagonal to orthorhom-
bic at ∼300○C accompanied by a large volume change [102]. This property makes it
undesirable in most applications where degradation is an issue to be avoided.
Bentonite sintered to ≤1000○C when cooled, contracts unevenly. It is evident in
the discontinuous grains and rough cracked texture (Figure 5.3). By 1000○C the
hexacelsian phase is no longer detectable by XRD and the monoclinic barium and
strontium feldspars become prevalent (Figure 5.13, 5.14). The leach rates go down
(Figure 5.29) as well as porosity (Table 5.2), and the bentonite becomes more dense
(Table 5.1).
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Table 6.1
Rubidium alumino-silicate and cesium alumino-silicate XRD overlap.
Peak proximity in XRD scans of body centered cubic Cs and Rb alumino-
silicates, truncated full data can be found in Figures A.3, A.10.
CsAlSiO4 RbAl(SiO3)2
2θ intensity 2θ intensity
15.915 6 15.898 2
18.395 2 18.392 3
24.415 44 24.435 29
26.13 100 26.166 100
29.29 4 29.327 3
30.729 44 30.797 33
32.136 1 33.562 5
33.455 4
36.025 6 36.131 2
37.265 22 37.361 14
40.715 12 40.836 4
45.054 6 45.163 2
46.016 5 46.159 1
48.061 1 48.158 1
49.037 10 49.184 4
52.758 12 52.979 5
53.656 3 53.854 4
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As the strontium and barium form crystals, so do cesium and rubidium. The
cesium forms pollucite, a body centered cubic structure. In our samples it is first
visible in the XRD plot at 800○C sintered bentonite with a 100% loading (center of
Figure 5.14). The phase is prevalent in all samples sintered above 800○C, and develops
strong XRD peaks by 1200○C (Figures 5.13, 5.14, 5.15). A minor high silica content
cesium alumino-silicate (CsAlSi5O12) becomes visible in the 70% loaded bentonite at
1000○C (the ○ in Figure 5.13). This phase is a base centered orthorhombic that has
been reported to have anisotropic thermal expansion characteristics, with a higher
thermal expansion below 500○C than above 500○C [103]. In high concentrations this
could cause cracking during cooling. The bentonite sintered at 1000○C (Figure 5.3
center) has a mottled coloration as well as holes, and some with inclusions. This base
centered monoclinic phase may have contributed to the rough texture by contracting
at a different rate during cooling than the surrounding matrix. Also at 1000○C quartz
has not yet dissolved, adding a phase with a volume change during cooling (α to β
inversion).
The high silica cesium alumino silicate phase is not detected at 1200○C (Fig-
ure 5.15), neither is the hexagonal barium feldspar or quartz. With these gone the
porosity reaches a minimum at 1200○C sinterings with 14.4% for the 70% loading and
4.7% for the 100%. The densities also increase to values above 2 g/cm3 at sinterings
over 1100○C (Table 5.1). As the minerals transform to phases with consistent ther-
mal expansion behaviour, the bentonite ceramic becomes more dense and has lower
porosity. The porosity is 33.6%, and 32.7% for 70% and 90% loadings at 1100○C, and
14.4% and 4.7% for 70% and 100% loadings at 1200○C (Table 5.2). This decrease in
porosity (∼57% for 70%) is greater than the decrease from 700○C to 1100○C (43% for
the 70% loading). The decrease in porosity is due to viscous sintering.
During sintering a liquid phase forms, this liquid wets the grain surfaces and
capillary forces quickly spread the liquid through the pores, eliminating porosity in
the process. The solid’s solubility in the liquid will determine the extent and effec-
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tiveness of viscous phase sintering. If the solid is soluble the porosity is eliminated
as the grains grow to minimize surface energy. The compact density increases as the
viscous solid reacts to capillary action filling pores and cracks [104].
Bahat did a study [105] focused on the heterogeneous nucleation in alkaline earth
feldspars. The study analyzed the effects different nucleating agents had on glass,
primarily oxides. The systems were BaO-Al2O3-SiO2, SrO-Al2O3-SiO2 and CaO-
Al2O3-SiO2. Although working with glass, these observations have parallels with our
case. Our nucleating oxides come from impurities in the bentonite, and although we
do not begin with feldspars, they are created in our process. Bahat found barium
would nucleate into feldspar crystals readily producing good quality glasses with a
variety of oxide co-reactants. He noted strontium and calcium glass systems produced
metastable fields, with hexagonal and orthorhombic structures, as well as stable
triclinic orientations, but to a lesser extent. The barium nucleation product was
limited to the metastable hexacelsian crystal phase. The hexacelsian nucleated from
more oxide agents than any of the other crystals. These nucleating agents are used
in small amounts typically less than 1%. When iron oxide was used as a nucleating
agent the crystal growth was fast, forming a fine-grained ceramic. Bahat found the
ratio of FeO/Fe2O3 did not affect nucleation rate.
Our samples have 4.85 wt% iron oxide (Fe2O3) according to the supplier. In our
quantitative element analysis iron in the dark phase is at its highest concentration,
at ∼1.3% (Table 5.3). Alumina and silica as well as the alkaline earths metal ions are
also in the dark phase. We observe the hexagonal barium structure before any other
crystal phase, at the lower loading of 70% at 800○C (Figure 5.13). The presence of
iron oxide may act as a nucleating agent accelerating the favored hexagonal barium
feldspar as reported by Bahat [105].
What has occurred is the barium crystallized faster than the strontium; nucleated
by the various impurities in the bentonite, the hexacelsian formed quickly. Due to
the limited alumina, the strontium was not able to form crystals before the alumina
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was consumed by the other reactants, and was left in the silica phase. Alumina is
the limiting reactant during the formation of the alumino-silicates. If we assume a 1
kg basis, and all the alkali, and alkaline earth metals are to be converted to alumino-
silicates 1.55 moles of alumina are required for bentonite with 25 wt% waste, and
1.98 moles for the 32 wt% waste loading. If the remainder of the material is dry and
dehydroxylated bentonite (750.7 g for the 25 wt% waste, and 680.9 g for the 32 wt%
waste) only 1.52 and 1.38 moles of alumina are available at 25 and 32 wt% loadings,
respectively. There is a 0.03 mole deficiency for the 25 wt% waste loading, and 0.6
mole deficiency for the 32 wt% waste loading (calculations in Appendix C).
During the SEM analysis of the 1200○C sintered bentonite, the feldspar crystals
appeared to be protruding from a depression. Upon closer inspection, the surface was
found to be flat. The back-scattered image intensity is determined by the number
of electrons that bounce off the target, larger nuclei deflect better than light nuclei.
Silicon and aluminum are light elements compared to the alkali and alkaline earths.
The result is the light elements appear dark, and the heavy ones appear bright. As
the electron gun bombards the ceramic surface with electrons they penetrate until
they hit an atom and are elastically scattered back to the detector. The electrons are
deflecting off of the feldspar crystals after going through various amounts of silicon,
the intensity of the signal is decreased as the silicon thickness increases, creating an
illusion of a three dimensional surface.
The TCLP leachate had high concentrations of strontium up to 1100○C. The
strontium unable to form crystals leached easily. The strontium was not completely
immobilized until the temperature of the silica was high enough to melt, then vis-
cous sintering could occur. Melting is visible in the silica element maps at 1100○C
where silica becomes homogeneously distributed (Figure 5.28). The silica is no longer
present as quartz crystals at temperatures >1000○C, but has melted and spread
throughout the ceramic, visible as a disappearance of large areas absent of all ele-
ments except silicon (Figures 5.27, 5.28).
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Optical images of sintered bentonite at temperatures <1100○C show pores and
cracking (Figure 5.3). Two contributing factors to the porosity and cracking are
differences in thermal expansion coefficients of the various phases, and if viscous
phase sintering is occurring or not. In the XRD scans at lower temperatures hex-
acelsian is present, which has a an orthorhombic transition with a volume change
at ∼300○C [102]. Bansal reports that both the barium BaAl2Si2O8 and strontium
SrAl2Si2O8 celsian go through a hexacelsian phase before transitioning to the mon-
oclinic form. The transition for barium hexacelsian to the monoclinic is very slow,
while the strontium analog occurs rapidly. Our sinterings were held for 12 hours, so
this is not an issue. Bansal also stated the two form solid solutions across the entire
composition range [106]. If there were enough alumina both barium and strontium
could form crystals, and mix within the glass phase.
At 1000○C and 70% loading CsAlSi5O12 is observed in the XRD (Figure 5.14),
this compound also displays anisotropic thermal expansion characteristics, at tem-
peratures <500○C it exists as an orthorhombic rather than the body-centered cubic
at higher temperatures [103]. As the sintered bentonite cools areas with high con-
centrations of these phases will separate from phases with lower thermal expansion
coefficients. Other sources of porosity are incomplete consolidation of the green
pucks, and pores that remain after dehydroxylation. Porosity is high before liquid
phase sintering has developed, and before the high thermal expansion polymorths
have transitioned to their stable counterparts. In the optical images of the 1000○C
sintered bentonite at 26wt% and 31wt% waste (Figure 5.3), small crystal inclusions
are visible inside the holes. These may be crystals that shrunk quickly relative to
the surrounding matrix, or solid quartz crystals which have separated from the sur-
rounding material. To limit porosity the sintering must be carried out until the silica
melts, and the monoclinic forms are allowed to develop. The thermal conductivity
is maximized at low porosity (Figure 5.4).
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In our system sintering should be carried out to at least 1100○C. The leach testing
shows strontium concentration in the leachate <100 ppm after sintering to 1100○C,
but to lower the porosity substantially sintering to 1200○C is required, thus increasing
thermal conductivity. The waste loadings should not be lower than 21 wt% waste,
waste concentrations <21 wt% have a detrimental effect on the ceramic’s material
properties. Samples loaded with 15 wt% waste bloated at 1200○C, and loadings with
21 wt% waste and above had smooth textures and uniform coloration when sintered
at >1100○C (Figure 5.1).
6.2 Engineering Considerations
The FPEX solution will require careful planning and engineering to ensure safety
and reliable processing. Minimizing the number of steps will reduce sources of failure.
In this study the liquid and clay solution was dried ignoring the off-gases, this will
not be possible in a full scale operation. Each step will require careful accounting
to keep track of all losses, as well as the neutralization of HNO3, and capture of
nitrogen oxides.
In our experiments an intermediate step produced a powder. From a nonpro-
liferation and safety perspective this is serious matter. The dry powder may be
an integral processing step, but the amount of powder available at any given time
must be minimized as much as possible. This can be accomplished by continuous,
rather than batch processing as well as low volumetric flow rates. This has the added
advantage of reducing shielding requirements for downstream operations.
Engineering and design of a radioactive waste processing facility must consider
each potential problem, such as the location of high pressure lines and plumbing,
which will need to be routed with adequate separation from high risk areas. The
choice of equipment will require careful cost analysis, due to contamination replacing
parts is undesirable, although at times unavoidable.
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If volitization is cannot be completely eliminated, an engineering remedy is nec-
essary. In vitrification operations a cold cap on the melt reduces the gaseous losses.
The cold cap is a layer of solid glass that is allowed to form on top of the glass melt
surface. In a ceramic process, perhaps a similar technique is possible. The ceramic
may be formed as a monolith, which could be continuously grown in a manner that
keeps the heated region sealed, and only relatively cool ceramic is allowed to be ex-
posed. Engineering such a system would be difficult due to the high volume of acidic
off-gases which must be managed.
Temperatures greater than 1000○C are necessary to pass TCLP for this process,
perhaps greater to improve porosity, and therefore thermal conductivity. Grinding
and re-sintering could improve porosity substantially, but introducing an addition
step that requires producing a powder is highly undesirable. A preferred method
would be to reach the optimum density in one continuous step. The size of the final
waste form will be determined by the centerline temperature, which will have to
fall below the melting point of the waste form matrix. The melting point of each
phase will need to be determined experimentally. With a minimum melting known,
an engineering decision will be required to ensure a margin of safety. Typically, a
temperature below the glass transition temperature is chosen for glass waste forms.
In our simulations the size of the waste form drastically affects the center-line, and
cladding surface temperatures. These considerations each have economic as well as
logistic implications and require careful analysis.
Once the waste form is created the durability will need to be assessed. Radiation
damage can manifest itself in Frenkel defects, where an interstitial is paired with a
vacancy. These defects can either cluster and grow into defect loops, or combine and
annihilate each other [107]. Pollucite has been analyzed after Cs-137 has decayed
and displayed small volume increases [38], in our system we also have strontium
to contend with in two separate phases. How this complex structure responds to
radiation will require testing. Sickafus has shown radiation resistance of each material
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will depend on ion charge and size, as well as ease of defect movement in the structure
[108].
Further research is required to make a final assessment, but sintered bentonite
may provide cost benefits over other waste forms. The process employs inexpensive
raw materials, and has a relatively simple preparation procedure which does not re-
quire high pressures, or extreme temperatures. The sintered product is a ceramic
solid capable of waste loadings up to 30 wt% alkali and alkaline earth metals, where
the bulk of the waste is embedded within a crystaline matrix. As the crystalline
structure developed, the leach rates improved. Strontium was not completly crys-
tallized, but when the bentonite was sintered above 1100○C strontium leaching was
also reduced significantly. The Cesium losses could not be exactly determined, but
the cesium concentration across all sintering temperatures varied by less than 1 wt%
with a maximum standard deviation of .22, or over 98 wt% of the cesium remains
in the bentonite during sintering (D.2). Waste form sizes were modeled, and found
comprable to vitrified waste glass, although holding more waste.
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APPENDIX A
XRD REFERENCE PDFS
96
Fig. A.1. Potassium barium aluminum silicate, orthoclase-barium rich
97
Fig. A.2. Potassium barium aluminum silicate II, orthoclase-barium rich
98
Fig. A.3. Rubidium aluminum silicate
99
Fig. A.4. Barium aluminum silicate, celsian
100
Fig. A.5. Barium (0.25) strontium (0.75) aluminum silicate
101
Fig. A.6. Barium (0.50) strontium (0.50) aluminum silicate
102
Fig. A.7. Barium (0.75) strontium (0.25) aluminum silicate
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Fig. A.8. Cesium aluminum silicate, silicon rich
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Fig. A.9. Barium aluminum silicate
105
Fig. A.10. Cesium aluminum silicate, pollucite
106
Fig. A.11. Quartz
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APPENDIX B
QUANTITATIVE WDS DETECTION LIMITS & BASIS OXIDES
108
Table B.1
Quantitative WDS detection limits. Analysis is limited to specific selected locations in 1200○C sintered ben-
tonite, assumed basic oxides.
Na Rb Mg Al Si Ca Sr Fe Cs Ba
Detection limits
Dark 1 0.0125 0.0203 0.0084 0.0089 0.0248 0.015 0.0874 0.0394 0.1318 0.1378
Dark 2 0.0123 0.0203 0.0084 0.0089 0.0207 0.015 0.0846 0.0393 0.1282 0.1477
Dark 3 0.0123 0.0204 0.0084 0.0089 0.0257 0.0146 0.0867 0.04 0.129 0.1359
Bright 1 0.0132 0.023 0.0098 0.0108 0.0272 0.0156 0.0894 0.0421 0.2113 0.1325
Bright 2 0.013 0.0226 0.0098 0.0106 0.0276 0.0154 0 0.0415 0.1936 0.1293
Bright 3 0.0137 0.0225 0.0099 0.0107 0.0291 0.0152 0.0843 0.0418 0.1999 0.125
Grey 1 0.0125 0.021 0.0087 0.0104 0.0247 0.0147 0.0829 0.0406 0.1311 0.1518
Grey 2 0.0126 0.0204 0.0088 0.0105 0.0246 0.0145 0.0813 0.0424 0.12 0.1499
Grey 3 0.0124 0.0202 0.0087 0.0105 0.0228 0.0142 0.0862 0.0413 0.1216 0.1439
Basis Oxides Na2O Rb2O MgO Al2O3 SiO2 CaO SrO FeO Cs2O BaO
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APPENDIX C
STOICHIOMETRY CALCULATIONS
110
Fig. C.1. Stoichiometry calculations, alumina deficiencies
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APPENDIX D
NEUTRON ACTIVATION DETAILS
Table D.1
NAA strontium concentration in 100% & 70% loaded bentonite. Irradiated
at 10 X 1013 neutrons/s⋅cm2 for 60 sec, counted for 300 sec.
Specific Activity of Sr-87
Sintering
Temp. ○C
mass (g) Wt. Mean Standard
Dev.
Strontium
mass %
Std. Dev.
100% Theoretical Loading
700 0.1002 2.72E+01 1.55E+00 4.115 3.28E-01
800 0.1001 2.95E+01 1.68E+00 4.466 3.56E-01
1000 0.1004 3.00E+01 1.70E+00 4.539 3.62E-01
70% Theoretical Loading
700 0.1000 2.31E+01 1.31E+00 3.497 2.79E-01
800 0.1002 2.29E+01 1.30E+00 3.464 2.76E-01
1000 0.1002 2.32E+01 1.32E+00 3.520 2.81E-01
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Table D.2
NAA Cesium concentration in 100% & 70% loaded bentonite. Irradiated
at 10 X 1013 neutrons/s⋅cm2 for 3600 sec, counted for 1200 sec.
Specific Activity of Cs-134
Sintering
Temp. ○C
mass (g) Wt. Mean Standard
Dev.
Cesium
mass %
Std. Dev.
100% Theoretical Loading
700 0.5 1.78E+01 2.08E-01 13.915 2.2E-01
800 0.5003 1.76E+01 2.06E+00 13.774 2.2E-01
1000 0.5003 1.72E+01 1.99E+00 13.422 2.1E-01
70% Theoretical Loading
700 0.5004 1.40E+01 1.82E-01 10.933 1.9E-01
800 0.5003 1.40E+01 1.68E+00 10.933 1.8E-01
1000 0.5003 1.39E+01 1.68E+00 10.847 1.8E-01
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Table D.3
NAA rubidium concentration in 100% & 70% loaded bentonite. Irradiated
at 10 X 1013 neutrons/s⋅cm2 for 3600 sec, counted for 1200 sec.
Specific Activity of Rb-86
Sintering
Temp. ○C
mass (g) Wt. Mean Standard
Dev.
Rubidium
mass %
Std. Dev.
100% Theoretical Loading
700 0.5 2.16E-01 1.43E-02 2.001 1.3E-01
800 0.5003 2.43E-01 1.45E-02 2.251 1.4E-01
1000 0.5003 2.07E-01 1.50E-02 1.918 1.4E-01
70% Theoretical Loading
700 0.5004 1.89E-01 1.60E-02 1.751 1.5E-01
800 0.5003 1.50E-01 1.38E-02 1.387 1.3E-01
1000 0.5003 1.60E-01 1.66E-02 1.482 1.5E-01
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Table D.4
NAA barium concentration in 100% & 70% loaded bentonite. Irradiated
at 10 X 1013 neutrons/s⋅cm2 for 3600 sec, counted for 1200 sec.
Specific Activity of Ba-131
Sintering
Temp. ○C
mass (g) Wt. Mean Standard
Dev.
Barium
mass %
Std. Dev.
100% Theoretical Loading
700 0.5 1.52E-01 1.07E-02 12.155 8.7E-01
800 0.5003 1.46E-01 1.79E-02 11.675 1.4E+01
1000 0.5003 1.40E-01 1.51E-02 11.195 1.2E+01
70% Theoretical Loading
700 0.5004 1.12E-01 1.65E-02 8.980 1.3E+00
800 0.5003 1.00E-01 1.50E-02 7.996 1.2E+00
1000 0.5003 1.23E-01 1.39E-02 9.828 1.1E+00
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